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Ecological dynamics has gained increasing acceptance as a theoretical framework in 
the field of motor development. This framework underpins this research programme, which 
postulates that humans are open, complex systems and that observed movements are self-
organised movement responses. Importantly, movement responses are dependent upon the 
dynamic interaction between constraints and the calibration between action-capabilities and 
available affordances.  
Developing movement competence in children is especially critical for the associated 
links with physical, emotional and mental health. Thus, monitoring competence levels remains 
a vital prerogative of the scientific community, governments and various agencies the world 
over. Movement competence is assessed and monitored using movement assessment batteries. 
Many movement assessments used today were initially developed for clinical populations. 
Thus, concern has been raised in the literature with its increased use for the general population 
of typically developing children. Specifically, concerns surround assessment tasks being too 
closely associated with sport-specific skills, assessment tasks being overly simplified and 
decontextualised. Moreover, many movement assessment batteries do not accommodate 
individuals from demonstrating adaptive movement responses to achieve outcome goals. 
Consequently, results from these assessments, may not adequately describe an individual’s 
general movement competence.  
This programme of work set out to develop a new movement assessment tool (General 
Movement Competence Assessment or GMCA) and proposes a theoretically-driven definition 
of movement competence. The GMCA utilises sensor-less, motion-tracking technology. It 
consists of five customised active video games that consider the critical role that affordances 
play in movement responses. The primary aim of this thesis was to establish the GMCA’s 
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validity and reliability for use as a potential tool for assessing general movement competence. 
Three related studies examined the various aspects of the GMCA’s reliability, validity and 
sensitivity in detecting developmental changes.  
Study 1 examined the factorial-structure of the newly developed GMCA. The extracted 
factors from the exploratory factor analysis accounted for 69.4% of the variance. Study 2 tested 
the construct validity of the extracted model and examined correlations between GMCA 
performance and age. The last study, study 3, examined the responsiveness or sensitivity of the 
GMCA in detecting developmental changes. Collectively, results from the three empirical 
studies suggest that the GMCA is a valid tool that is capable of assessing, detecting and 
monitoring developmental changes.  
This thesis has contributed novel knowledge to the field of motor development by 
demonstrating the potential of video game technology in the assessment of movement 
competence. Importantly, dexterity was established as a new independent construct in the 
model of movement competence. The programmability of the GMCA favours its potential as 
a teaching tool in motor learning and its presentation via a series of active video games is a 
progressive step towards the provision of dynamic assessment tasks. Video games are typically 
cast in a negative light by society in the face of decreasing levels of physical activity. 
Conversely, findings from this programme of work illustrate the feasibility of video game 
technology as a viable option for assessing movement competence and this emerging 
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From the time we are born, the motivation to move is innate. Children move to explore 
and learn about their environment. Through movement, they discover the limits of what their 
bodies can do. In turn, through these varied experiences, they learn to move better.  
As a Physical Education (PE) teacher, it is my duty to ensure that children are provided 
with opportunities to develop a love for movement. At the back of my head, there were 
questions that I asked. How was it that learning to move was easy for some but posed difficulty 
for others? Was it innately determined or was it due to factors such as the opportunity provided 
to immerse with movement experiences? 
Importantly, in educational settings, assessments provide vital indicators of programme 
effectiveness. For children and their parents, it provides them with information about physical 
development. Notwithstanding, I have always been cautious when interpreting the results of 
the assessments. For example, in the school I was teaching in, understanding game concepts 
was a key objective of the PE programme. Games taught from a particular category were simply 
tools to illustrate the similar concepts between different games. For example, games in the 
invasion games category like football, basketball and ultimate frisbee share similar concepts of 
offensive and defensive strategies. Typically, a child would spend the school term learning the 
various concepts of the associated game category (e.g., supporting an attack or feinting a 
defender before throwing a frisbee to continue an attack). Yet, assessments conducted at the 
end of the module (e.g., frisbee) were dominated mainly by discrete skill-based tests (e.g., 
throwing towards a static target). Whether the child could perform as well in an actual game 
context, or whether that child knew how to support an attack in relation to the direction of the 
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attack were not part of the assessment criteria. Notably, the assessments excluded a critical 
aspect of the learning intent. While many students could throw a frisbee accurately under no 
pressure during the static skills tests, there were also children who were rated poor although 
were excellent players on the field. Clearly, in the cited example, the skills test did not 
accurately represent 1) a child’s ability to demonstrate concepts associated with invasion games 
and 2) a competent ultimate frisbee player. Arguably, the addition of a child as a defender 
during the throwing skill test would have made the skill test a little more contextualised.  
When I started my postgraduate journey and started immersing myself with the various 
theories governing human development and learning, interactionist perspectives, such as 
ecological dynamics theory seemed logical in providing explanations to the questions I had 
regarding movement. Furthermore, I found that similar concerns were raised in the literature 
with regard to the nature and objectivity of assessments. Pursuing the literature specific to the 
area of movement development, I found that there was increasing interest in the use of video 
games to engage children in physical activity. In some studies, video games were used as 
rehabilitative tools while in others, video game systems were being examined for their potential 
in tracking specific joint movements. 
These experiences began to stimulate the ideas that would inform this PhD research 
programme. Could video game technology be used to address some concerns related to present 
movement assessments?  
 
The Current Thesis 
A new movement assessment tool underpinned by the Ecological Dynamics theoretical 
framework was developed. It was named the General Movement Competence Assessment 
(GMCA) and harnesses motion-sensing video game technology to assess movement 
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competence in children. The main aim of this thesis was to examine aspects of its reliability 
and validity.  
Chapters 1 and 2 provide a review of the literature and theoretical foundations that form 
the impetus for this programme of work. In chapters 3, 4 and 5, the three empirical studies that 
progressively examined the reliability and validity of the tool are detailed. The thesis concludes 
in chapter 6 with a summary of the main findings, recommendations for future studies and 
practical implications.  
 
Publications Resulting from this Thesis  
A condensed version of the review chapters (see Chapters 1 and 2) has been published 
in Movement and Sport Sciences and is available online as a publication ahead of the print 
version. The first study chapter (see Chapter 3) has also been submitted for publication and is 











1. CHAPTER 1: 




1.1. General Introduction 
Monitoring levels of movement competence is critical. In this chapter, a literature 
review is presented including topics ranging from the various constructs that define movement, 
how movement is assessed, concerns related to present assessment methods and an overview 
of empirical studies exploring the potential use of active video games. The following chapter 
(Chapter 2) provides an overview of the theory underpinning this programme of work, the 
ecological dynamics theory. Chapter 2 also introduces the General Movement Competence 
Assessment (GMCA) with a focus on the theoretical concepts that underpin its development. 
Chapter 2 is then followed with three research chapters (Chapters 3, 4 and 5) describing the 
empirical studies conducted to progressively examine various aspects of reliability and validity 
of the GMCA for children.  
Human beings learn various movement skills at different phases throughout their lives 
that enable them to navigate and function successfully in the environment. Being able to move 
competently has obvious implications for everyday living but intriguingly, may also predict 
lifelong physical activity engagement. Empirical evidence suggests that children who can move 
competently are more likely to stay physically active into adulthood. Given mounting concerns 
over the consequences of physical inactivity for global health in the 21st century, movement 
competence is a crucial topic of investigation (Lee et al., 2012). 
Across the world, movement competence is assessed for a variety of reasons, ranging 
from placement in movement programmes, identification of movement delays, as well as 
monitoring the influence of physical activity levels on general health and wellbeing (Burton & 
Miller, 1998; Scheuer, Herrmann, & Bund, 2019). To date, several movement assessment 
batteries have been validated and accepted in the literature to measure movement competence. 
In recent times, motor development research has focused upon developmental movement 
delays and, as such, many movement assessments were developed with the aim of detecting 
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children with low levels of movement competence. Consequently, many movement assessment 
batteries were primarily designed for clinical use and accordingly emphasise the detection of 
motor impairments or movement delays (Cools, De Martelaer, Samaey, & Andries, 2009; 
Giblin, Collins, & Button, 2014; Scheuer et al., 2019). While the use of these clinically 
developed movement assessments have their place advantages, it also introduces concerns of 
validity when they are used in general settings, such as in sports clubs or schools to assess 
movement competence amongst the general population of children. In particular, assessment 
tasks in movement assessment batteries are overly simplified; undoubtedly due to their primary 
objective of identifying children who may have or are at risk of motor delays. Consequently, 
the over-simplification of movement tasks may result in ceiling effects which would result in 
a lack of sensitivity in distinguishing children with greater movement competence.  
The design of static, decontextualised tasks in many movement assessment batteries 
limits the opportunity for individuals to demonstrate their ability in adapting to changing 
constraints which, arguably, is more representative of how movements emerge in the real-
world (Davids, Button, Araújo, Renshaw, & Hristovski, 2006b). Further caution has been 
raised for population standards of general movement proficiency being created using 
movement assessments that were primarily designed for clinical populations. This concern is 
further substantiated with concurrent validation studies suggesting that incongruent results 
between movements assessments batteries are attributed to varying test objectives and content 
(Cools et al., 2009). At present, specialised training is often a requirement of movement 
assessment batteries which places constraints on resources. Additionally, the use of human 
assessors introduces issues such as intra and inter-rater reliability. Solutions to automate the 
assessment process may potentially alleviate some of these issues. 
The beginning of the 21st century has seen increased popularity in active video games 
(AVGs) in which individuals interact with a virtual environment through physical movements 
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to control game avatars and complete various game objectives. With the advances made in the 
technology of motion-sensing devices found in video games, proposals have been made for the 
application of AVGs to track and assess movement. The use of AVGs have been shown to not 
only improve movement competence but also improve physical activity levels of children 
(Lyons et al., 2011; Sween et al., 2014; Vernadakis, Papastergiou, Zetou, & Antoniou, 2015). 
Empirical evidence indicates that the sensor used in one AVG system, the Microsoft Kinect1 
that is part of the Microsoft Xbox 360 system has high levels of validity and reliability in the 
tracking of movement (Choppin, Lane, & Wheat, 2014). The open-source programming 
environment of Kinect via the Software Development Kit (SDK) provides the opportunity to 
design bespoke tasks and modify difficulty levels, thus, offering potential as an effective 
platform for the measurement of movement competence.  
Automating the assessment process seems plausible with the use of AVGs. Coupled 
with their relatively low-cost, AVGs are a viable option to explore for an alternative movement 
assessment tool. Importantly, the AVG platform allows individuals to engage in dynamic 
assessment tasks where the performance of adaptive movements are suited to the constraints 
imposed by the AVG and are not compared against a standard “ideal” movement solution. The 
development of this system can potentially be used by all children and enable practitioners to 
make informed decisions of individuals’ movement competence through computer-generated 
performance data.  
                                                 
1 The Microsoft Kinect sensor was first launched commercially in 2010 for the Microsoft Xbox 360 gaming 
console. The Software Development Kit (SDK) was launched in 2011 to allow developers to custom-programme 
Kinect applications. An upgraded iteration of the Kinect sensor, Kinect Version 2.0 was launched in 2013. In 
November 2017, Microsoft announced that it would stop production of the Kinect sensor (Microsoft, 2019). The 
Kinect technology however has been repackaged as Project Kinect for Azure during Microsoft Build 2018 
(Ackerman, 2018). The latest Kinect depth sensor is designed specifically for software and artificial intelligence 
developers (Kipman, 2018) however is not commercially available yet at the time of writing.  
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A new movement assessment tool that capitalises on the technology of motion-sensing 
devices was developed for this PhD programme of work. A key component of the approach is 
the use of the Microsoft Kinect; a low-cost depth-sensing camera that provides marker-less 
motion tracking capabilities on a conventional computer. A custom-written software allowed 
children to interact with a dynamic game-based environment that is tailored to individual 
characteristics. This automated motion analysis approach eliminates the need for trained 
assessors.  
 
1.2. Movement Constructs 
 The capacity to adapt movement types into functional and efficient forms while 
interacting with various task and environmental constraints allow humans to move competently 
(Haywood & Getchell, 2014; Seifert, Button, & Davids, 2013). Motor development is 
commonly defined as the changes over time in motor behaviour that is a reflection of the 
interaction between the human organism and its environment (Wickstorm, 1970). Thus, as 
children grow, they would learn and be socialised into developing general sets of skills to go 
about their lives and partake in play. These basic skills were assumed to be common motor 
activities with specific patterns (McClenaghan & Gallahue, 1978; Wickstorm, 1970). These 
movement types that are classed as “fundamental” were mostly assumed to be ontogenetic 
skills, or skills that are not naturally developed and have to be taught (Clark, 2007). These 
groups of skills have received various names in the literature depending on time periods, such 
as fundamental motor patterns (Wickstorm, 1970), fundamental movements (McClenaghan & 
Gallahue, 1978) and presently referred to as fundamental movement skills (Burton & Miller, 
1998; Gallahue & Ozmun, 2006).  
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Fundamental movement skills (FMS) are considered by some to be an early milestone 
in motor development (Burton & Miller, 1998; Logan, Ross, Chee, Stodden, & Robinson, 
2018). FMS classify a group of motor skills that purportedly are “building blocks” for other 
more complex movements (Burton & Miller, 1998; Gallahue & Ozmun, 2006). Crucially, the 
various movement types identified as FMS are classified into three independent constructs of 
movement; namely, locomotion, object-control and stability (Barnett et al., 2016b; Gallahue & 
Ozmun, 2006). The movement types classed under the locomotor construct allow body 
transportation from point to point; such as running, skipping, galloping and hopping. The 
object-control construct describes manipulative, interceptive and prehension movement types. 
Typically, the movement types involve the transmission of force to manipulate, move or 
receive an object; such as striking with a bat, controlling a hockey stick, catching and throwing. 
Lastly, the stability construct consists of movement types that emphasise body balance in static 
and dynamic balance situations. Specific examples can include standing and balancing on one 
foot, which requires coordination of the trunk and axial limb movements.  
Notably, focusing on the sole use of FMS to define the broad and complex nature of 
movement competence has generated concern amongst some (Almond, 2014; Pot, van 
Hilvoorde, Afonso, Koekoek, & Almond, 2017). Others believe that the identification and 
classification of various movements types as FMS simplifies the complex nature of movement 
and thus, facilitates its measurement (Burton & Miller, 1998).  
Bearing in mind that movement competence is widely measured via the constructs of 
FMS, references to the term “FMS competence” will be synonymously related to movement 





1.2.1. The Evolving Constructs that Define Movement Competence 
 The various constructs that make up FMS have evolved. Clark and Whitall (1989) 
propose that in the period post World War II to the early 1980s, the dominant interest of 
researchers studying motor development was to describe the movement patterns of children. 
Clark and Whitall (1989) termed this era as the normative/descriptive period in the field of 
motor development where the emphasis was placed on the documentation of biomechanical 
descriptions of how children moved. During this descriptive period, only two main constructs 
of movement were established and defined under the umbrella of fundamental skill 
(McClenaghan & Gallahue, 1978; Wickstorm, 1970). They were locomotion and object-
control. During that period, stability competence was seen as a fitness component and classed 
amongst other physical attributes such as flexibility and agility (Wickstorm, 1970).  
The acceptance of stability as a critical construct of movement coincided with increased 
global urbanisation and decreasing levels of movement competence in children (Hardy, 
Barnett, Espinel, & Okely, 2013; Rudd et al., 2015; Tester, Ackland, & Houghton, 2014). 
Notably, children are not spending as much time outdoors as compared to generations past 
(Louv, 2005). Indeed, activities like tree climbing and swimming which naturally develop core 
strength and postural control are increasingly discouraged by the “risk-free”, modern-day 
culture (Croft, Pepping, Button, & Chow, 2018). Today, stability is accepted as an independent 
construct of movement and is one of the FMS constructs. At present, many current studies have 
highlighted its crucial role in the description of movement competence (Barnett et al., 2016b; 
Davids, Bennett, Kingsbury, Jolley, & Brain, 2000; Gallahue & Ozmun, 2006; Rudd et al., 
2015). 
The definition of movement competence is an evolving one. At present, there is no 
universal agreement on the definition of movement competence (Giblin et al., 2014; Rudd et 
al., 2016) with various attributes taking precedence depending upon the movement construct(s) 
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emphasized (Burton & Miller, 1998; Cools et al., 2009; Scheuer et al., 2019). However, it is 
generally accepted that an assessment of an individual’s FMS provides an adequate description 
of movement competence (Barnett et al., 2016b; Burton & Miller, 1998). Dominant 
perspectives of motor development are more interactionist than reductionist. In other words, 
the interactions between individuals and their environment are acknowledged as influential 
roles in movement development. Likewise, it is widely accepted that the acquisition of FMS is 
not solely driven by physical maturation and indeed requires considerable environmental 
support such as opportunities for practice and various instructional experiences (Barnett et al., 
2016b; Bolger et al., 2018; Gallahue & Ozmun, 2006; Morgan et al., 2013). Indeed, 
contemporary perspectives of motor development acknowledge that changes in movement 
competence are influenced through interactions between the child and environment.  
While there is a consensus that there seems to be a critical window in the early years 
for developing movement competence. The recommended critical window of development 
differs amongst authors. For example, McClenaghan and Gallahue (1978) suggest that these 
patterns of fundamental movements are best developed between two to seven years of age 
whereas Wickstorm (1970) proposed that typically, the first five years of life are the critical 
years in which fundamental motor patterns emerge as a consequence of increased interaction 
with the environment. Wickstorm (1970) further suggests that in these early years, the child 
needs to move to learn and find solutions to locomotor problems. They also develop 
movements associated with object-control and interceptive skill through the manipulation of 






1.2.2. Associations between FMS and Physical Activity 
It is thought crucial to develop FMS in the early years as there are lasting implications 
for children. For example, individuals with greater FMS proficiency are more likely to lead 
physically active and healthy lives (Lubans, Morgan, Cliff, Barnett, & Okely, 2010). In this 
sub-section, the importance of developing movement competence is discussed further given its 
associative benefits.  
It is concerning that many countries are reporting decreasing levels of FMS competence 
amongst children (Hardy et al., 2013; van Beurden, Zask, Barnett, & Dietrich, 2002). Such 
findings are especially worrying when empirical evidence suggests that children who are more 
proficient in FMS are typically more physically active (Holfelder & Schott, 2014; O’ Brien, 
Belton, & Issartel, 2016; Okely, Booth, & Patterson, 2001; Stodden et al., 2008). In a 
conceptual model highlighting the various developmental mechanisms that influence the 
physical activity trajectories of children, Stodden and colleagues (2008) suggest that the 
underpinning element of physical activity engagement is indeed competence in movement. 
This notion is widely supported in the literature with some studies establishing a relationship 
specifically between object-control skill proficiency and physical activity patterns (Barnett, 
Van Beurden, Morgan, Brooks, & Beard, 2009; Logan, Webster, Getchell, Pfeiffer, & 
Robinson, 2015b).  
Barnett and colleagues (2009) studied the relationship between children’s movement 
competence, specifically object-control competence and the time engaged in physical activity. 
They report that there were significant interactions between time, object-control competence 
and physical activity. In other words, children with greater object-control competence were 
also those spending more time being physically active. These findings are similar to Cliff and 
colleagues (2009) who also found that object-control competence was positively associated 
with physical activity, although they caution that their results were only significant for boys.  
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Okely and colleagues (2001) found that adolescents who participated in organised sport 
were more proficient in FMS. Similar results were also established in a review conducted by 
Holfelder and Schott (2014), further substantiating empirical evidence that opportunities for 
movement need to be provided for movement competence to develop (Clark & Metcalfe, 2002; 
Gallahue & Ozmun, 2006). Unfortunately, in Holfelder and Schott’s (2014) study, it was not 
reported if children already had better movement competence compared to their peers when 
they first started in the organised activity or if their movement competence got better as a result 
of the organised-sport. If the latter association between movement competence and organised-
sport is real, it would be of potential concern since it would mean that disparity in levels of 
movement competence between children with or without involvement with organised-activities 
would increase as they age.  
In a contrasting systematic review conducted by Logan and colleagues (2014a), a direct 
linear relationship between FMS competence and physical activity levels was not established. 
However, they reported that a trend was established based upon the results of all the included 
studies in their review. The trend was that regardless of age, the children with greater 
movement competence were also the ones who were the most physically active. In a subsequent 
systematic review, Logan and colleagues (2015b) reported a low to moderate relationship 
between FMS competence and physical activity for children aged 3-5 years and a low to high 
relationship for children aged 6-12 years. The results from both of these systematic reviews 
(Logan et al., 2014a; Logan et al., 2015b) reported a weaker association between movement 
competence and physical activity when compared to the systematic reviews of Okely et al. 
(2001) and Holfelder and Schott (2014). Despite the weaker relationships between movement 
competence and physical activity that are established in Logan et al. (2014; 2015) reviews, 
collectively, there is overwhelming evidence to suggest that movement competence does 
indeed have a positive influence and are predictors of positive physical activity outcomes.  
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With the World Health Organisation (WHO) having reported that 80% of the world’s 
population is not physically active enough and that physical inactivity is the fourth leading risk 
factor for global mortality (WHO, 2018), sustaining a physically active populace remains a 
crucial objective of government organisations worldwide (Oja, Bull, Fogelholm, & Martin, 
2010; WHO, 2018). Thus, tools that can monitor levels of movement competence for the 
general population remain essential. 
 
1.3. Movement Assessment Batteries 
Movement competence is assessed using movement assessment batteries. Many of the 
movement assessment batteries used today were developed during the descriptive period in the 
field of motor development (Clark & Whitall, 1989). During the descriptive period of the motor 
development literature, studies focused upon the examination and detailing of movement 
characteristics and developmental sequences to gain a better understanding of the 
developmental phases of movement (Fischman, Moore, & Steele, 1992; McClenaghan & 
Gallahue, 1978; McConnell & Wade, 1990; Scott, 1962; Shumway-Cook & Woollacott, 1985; 
Wickstorm, 1970). Studies stemming from that era created classifications, stratified movement 
types and proposed descriptions of various developmental phases in the hope of understanding 
how movement developed without consideration of the role of the environment. This 
descriptive period of motor development was largely influenced by the need to understand how 
to improve movement skills through the knowledge of motor performance changes or motor 
milestones.  
The popular concept of motor milestones further promoted the perspective of an 
orderly, universal sequence of individual motor development, thus, placing the overriding 
influence of genetics over the environment (Davids, Button, & Bennett, 2008). Critically, 
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descriptions of the developmental sequences of movement in children were often made in 
comparisons to mature or adult-like movement forms (Burton & Miller, 1998; McClenaghan 
& Gallahue, 1978; Wickstorm, 1970). Such reductionist perspectives overemphasised 
maturation in the motor development process and promoted the notion of “ideal” movement 
patterns, which have lingering effects in the understanding of movement right up till today 
(Burton & Miller, 1998; Ulrich, 2000).  
The dominant views of motor development from the descriptive era (Clark & Whitall, 
1989) arguably, downplayed the significance of how interactions with the environment 
influence motor development. Notably, variations of movement performance were seen as 
undesirable instead of functional to the individual (Chow, 2010). It was during this descriptive 
era of motor development that saw the proliferation of standardised tests to evaluate the 
performance of children (Burton & Miller, 1998; Clark & Whitall, 1989). Notably, the 
standardised tests or movement assessment batteries that dominate the literature today can trace 
their roots back to the influential work of this era (McClenaghan & Gallahue, 1978; Wickstorm, 
1970).  
 Movement assessment batteries are the tools used for assessing movement competence.  
Movement competence is typically judged based upon an individual’s performance in a variety 
of assessment tasks that vary depending on the movement assessment battery and the constructs 
that it purportedly measures. Notably, movement assessments developed in North-America 
have more sport-related assessment tasks while those developed in European countries tend to 
focus more on body coordination (Cools et al., 2009; Rudd et al., 2016). Movement competence 
has typically been assessed using either process- or product-based assessment forms (Burton 
& Miller, 1998). Process-based assessments utilise observational criteria to determine the 
quality of a particular movement, whereas product-based assessments measure quantitative 
variables. A product-based or quantitative test is concerned with performance outcomes; such 
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as speed, accuracy and duration (e.g., the Movement Assessment Battery for Children; MABC-
2 Henderson, Sugden and Barnett, 2007). On the other hand, process-based or qualitative tests 
are concerned with movement patterns and forms, focusing more on the characteristics of 
functional skill and movement ability (e.g., the Test of Gross Motor Development-2; TGMD-
2, Ulrich, 2000).  
Results of a product-based assessment are often norm-referenced; meaning that the 
assessment result of an individual is typically matched against the performance data of the 
normative sample during validation studies of a specified assessment (Burton & Miller, 1998). 
A process or criterion-referenced test compares the individual’s performance to a 
predetermined criterion. For a given skill, an individual’s score is usually represented with a 
“Yes” or a “No” for each criterion of the skill tested. For example, in the  TGMD (Ulrich, 
2000), a score of “1” represents a criterion measure that is observed and “0” is given for 
unobserved criterion in the performance of an FMS skill. In the case of the TGMD, the criterion 
scores are summated then referenced to a norm for interpretation of results. Depending on how 
they were developed, movement assessments may use the same normative reference for both 
sexes. Some movement assessments such as the Test of Gross Motor Development (TGMD; 
Ulrich, 2000) have separate normative references for boys and girls due to the presence of sex 
differences on particular movement activities (Barnett, van Beurden, Morgan, Brooks, & 
Beard, 2010; Thomas & French, 1985). 
There are many different types of movement assessments, all with their specific 
purposes, strengths and weakness. Thus, it is imperative that regardless of utilising a product- 
or process-based movement assessment, the users of these assessments must be clear about the 
intent of assessments and ensure that the choice of an appropriate assessment battery fits the 
objectives of assessment (Scheuer et al., 2019). Movement assessments validated for clinical 
populations play a significant role in detecting and monitoring intervention for children who 
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may have developmental difficulties. Notably, many movement assessments indicate 
objectives of detecting individuals who are significantly behind peers. However, it is perhaps 
concerning those movement assessments designed for use in clinical settings to assess clinical 
populations are being used in generalised settings such as schools to determine movement 
competence of typically developing individuals (e.g., Cohen, Morgan Plotnikoff, Callister, & 
Lubans, 2015; Karabourniotis, Evaggelinou, Tzetzis, & Kourtessis, 2002; Valentini & Rudisill, 
2004) . 
 
1.3.1. Issues Relating to Movement Assessment Batteries 
In this sub-section, critical concerns of existing movement assessments batteries, drawn 
from the literature, are highlighted to provide an overview of the key issues, specifically with 
the static-nature of many assessment tasks. This review of the literature surrounding movement 
assessment batteries provides the basis for this PhD programme of research and focuses on the 
following assessment batteries (see Table 1.1 for detailed descriptions of the assessments): 
 Bruininks-Oseretsky Test of Motor Proficiency (BOTMP, BOT-2) (Bruininks, 2005; 
Bruininks & Oseretsky, 1978) 
 Körperkoordination Test für Kinder (KTK) (Kiphard & Schilling, 2007; Schilling & 
Kiphard, 1974) 
 Maastrichtse Motoriek Test (MMT) (Vles, Kroes, & Feron, 2004) 
 Motoriktest für vier-bis sechsjährige Kinder (MOT 4-6) (Zimmer & Volkamer, 1987)  
 Movement Assessment Battery for Children 1 and 2 (MABC, MABC-2) (Henderson et 
al., 2007; Henderson, Sugden, Barnett, & Smits-Engelsman, 1992) 
 Peabody Developmental Motor Scales, First and Second Edition (PDMS; PDMS-2) 
(Folio & Fewell, 1983, 2000) 
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 Test of Gross Motor Development, First and Second Edition (TGMD, TGMD-2) 




Table 1.1. Detailed characteristics of reviewed movement assessment batteries. 
Test Battery  
(Cost) 







Assesses motor proficiency of 
normally developing and 
moderate motor-skill deficits. 
Developing and evaluating 
motor training programmes. 
 
A norm-referenced, product-based test. Has a long-form 
(LF) and short-form (SF). The LF 46 items organised 
into 8 subtests (running speed and agility, balance, 
bilateral coordination, strength, upper-limb 
coordination, response speed, visual-motor control, 
upper-limb speed and dexterity) The SF comprises 14 
test items (at least 1 from each subtest). 
 
Version 2 revisions: 
New test items and activities. Expanded age range to 21 
years. Consist of fine and gross motor form assessment. 
The fine motor form includes 4 subtests (fine motor 
precision, fine motor integration, manual dexterity, 
upper-limb coordination). Gross motor form includes 4 
subtests (bilateral coordination, balance, running speed 
and agility, strength). 




4 – 21 years 
(BOT-2) 
Yearly age standards 
based on 765 
children from USA; 
based on 1970 
census  [BOTMP] 
 
 




15 – 20 min 
(SF)  





Measures the level of 
development of the overall 
body control.  
Monitoring of normal and 
children with disabilities. 
A norm-referenced, product-based test. Assess gross 
body control and coordination, mainly dynamic balance 
skills. Consists of 4 subtests (balancing backwards, 
mono pedal about hopping, side jump back and forth, 
side reacting) Object-control and locomotion are not 
assessed in the test. Reported test-retest reliability is r = 
.97. 
5 – 14 years Yearly percentile 
rankings  










MMT   
(€447) 
Assesses qualitative aspects 
and quantitative movement 
skill performance. 
Detects of Attention Deficit 
Hyperactivity Disorder. 
A norm-referenced, process and product-based test. 
Assess fine and gross movement skills over 70 test 
items (34 quantitative and 36 qualitative aspects of 
movement performance). 
5 – 6 years 487 children (2nd year 
of elementary 
school) from 
Netherlands (year of 










Detects motor development of 
preschool children. 
Detects FMS delay or 
deficiency. 
A norm-referenced, product-based test. The test consists 
of 18 items classified across 7 motor areas (e.g., total 
physical dexterity and coordination, fine motor skills, 
balance assets). Reported test-retest reliability is r = 
.97; internal consistency (Cronbach’s alpha) is a = .81. 
4 – 6 years  Half-year stepped age 
standards based on 






15 – 20 min  
 
MABC 1 & 2 
(USD$1050) 
Identifies children who have 
motor function delay or 
impairment. 
Developing intervention 
programmes targeted at 
improving movement 
competence. 
Measures changes as a result of 
the intervention. 
Research involving motor 
skills and development. 
A norm-referenced, product-based test. Consist of 32 
movement tasks organised by 4 age bands and 8 
performance categories. Performance categories are 
classified into manual dexterity, ball skills and balance. 
 
Version 2 revisions: 
Age extension and reorganisation of age bands (3-6, 7-10, 
11-16 years). 8 task for each age range. 
Change in some test items. Example, bicycle trail 
changed into drawing trail; rolling a ball towards a goal 
changed to throwing a beanbag onto a target. 
4 – 12 years 
[MABC-1] 
 
3 – 16 years 
[MABC-2] 
1234 children from 




from 1172 children 
from Britain and 
















PDMS 1 & 2 
(USD$530) 
Assesses motor skills of 
children. 
Planning of intervention 
programs. 
 
A criterion and norm-referenced test having 2 scales; 
Gross motor (GM) and fine motor (FM). GM scale has 
12 items organised into 5 skill areas (reflexes, balance, 
non-locomotor, locomotor, receipt and propulsion) for 
each age level. FM scale has 6-8 items organised into 4 
skill areas. 
 
Version 2 revisions: 
A reorganisation of test items for GM and FM.  
Illustrations added to clarify assignments.  
6 subtests (4 gross and 2 fine movement skills). GM 
includes reflexes (8 items), stationary (30 items), 
locomotion (89 items), and object manipulation (72 
items). FM consists of grasping (26 items) and visual-
motor integration (72 items). 





and age equivalents 
based on 617 
children from USA 





expanded to include 
2003 children from 
USA and Canada; 
based on 1997-1998 
data 
Test kit and other 
items not 







ball, pull toy, 
balance beams, 
tricycle, wall 
target, 2 cans) 










Identifies children who are 
significantly behind their 
peers in gross motor skill 
development. 
Identifies eligibility for special 




progress, evaluate treatment, 
research in gross motor 
development. 
 
A process and product-based test that refers to a criterion 
and norms. 12 movement skills organised into 2 
subtests; locomotor (gallop, hop, horizontal jump, leap, 
run, skip and slide) and object-control (stationary 
bounce, catch, kick, two-hand strike and overhead 
throw). Reported test-retest reliability coefficients range 
from .84 to .96. Reliability coefficients for the 
Locomotor subtest average .85, the Object Control 
subtest average .88, and the Gross Motor composite 
average .91. Coefficient alpha for selected subgroups is 
above .90 for subtests and composite scores.  
Version 2 revisions: 
Some test items changed. Skipping item was dropped 
and underarm rolling was added to the object-control 
subtest.  
Version 3 
TGMD-3 has been developed but is currently 
finalising the normative data sample. It assesses 13 
fundamental motor skills, 1 more skill from previous 
versions, over 2 constructs; locomotion and ball skills. 
The use of the term ball skills to describe a measured 
construct is a change from “object-control” as used in 
version 1 and 2. 
3 – 10 years  909 children from 





on 2000 census  
Equipment 
commonly 














15 – 20 min 
Note. BOTMP/BOT-2, Bruininks-Oseretsky Test of Motor Proficiency/version 2; KTK, Körperkoordinationtest für Kinder; MMT, Maastrichtse Motoriek Test; MOT 4-6, Motoriktest für 
vier- bis sechsjährige Kinder; MABC 1 & 2, Movement Assessment Battery for Children 1 and 2; PDMS 1 & 2, Peabody Developmental Motor Scales 1st and 2nd Edition; TGMD 1 & 2, 




1.3.1.1. Concurrent Validity of Movement Assessment Batteries  
In many movement assessment batteries, the primary objective of the assessment is to 
identify children with potential motor deficiencies while the description of movement 
competence places as a secondary objective. Thus, concerns have been raised in the literature 
when movement assessments validated for clinical cohorts are used in general cohorts (Cools 
et al., 2009; Giblin et al., 2014; Longmuir et al., 2017; Yoon, Scott, Hill, Levitt, & Lambert, 
2006). In order to monitor and assess movement skills in children effectively, movement 
assessments must be valid and reliable. One should not assume that the common usage or 
acceptance of a test represents its reliability and validity for an intended population, especially, 
if characteristics of assessed individuals are different from the normative sample of the 
movement assessment (e.g., different countries; typical and non-typically developing children 
etc.) as there may be bias due to culture (Burton & Miller, 1998; Wiart & Darrah, 2001).  
Due to multiple objectives and applications, Wiart and Darrah (2001) caution that not 
all tests are suitable for every sample and that the tested sample’s characteristics and 
developmental status should be considered before the use of specific tests. For example, the 
authors of BOTMP (Bruininks, 2005) indicate that the assessment can be used on typically 
developing children as well as children with a mild to moderate learning disability. However, 
some test items of the BOTMP have been suggested as being too complex which potentially 
poses issues specific to clinical populations (Wiart & Darrah, 2001). Moreover, its use in 
detecting potential motor deficiencies in children has been questioned; specifically to its 
reliability, validity and clinical utility of some BOTMP’s test items (Burton & Miller, 1998; 
Yoon et al., 2006). This example illustrates that if the purpose of assessment is to describe a 
child’s general movement competence, then using a test developed to identify developmental 
disorders should be duly reconsidered.  
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Many movement assessments are developed for specific target groups and hence, may 
only be valid for specific populations (Cools et al., 2009; van Waelvelde, Peersman, Lenoir, & 
Engelsman, 2007). In their study comparing the convergent validity between the MABC and 
PDMS-2, results showed that PDMS-2 was less sensitive than the MABC in identifying 
children with motor impairment for a Flemish sample (van Waelvelde et al., 2007). Crawford 
and colleagues (Crawford, Wilson, & Dewey, 2001) compared the validity and reliability of 
the BOTMP against the MABC and Developmental Coordination Disorder Questionnaire 
(DCDQ) to identify children with developmental coordination disorder (DCD) (Wilson et al., 
2009). Worryingly, the results showed that 25% of children who were identified as not having 
DCD by BOTMP were identified as having DCD by the MABC. Conversely, a third of the 
children identified by the BOTMP as having DCD was not identified by the MABC. In 
addition, Crawford et al. (2001) reported that the levels of overall agreement between the three 
tests were marginally acceptable at less than 80%. In another study, Cools and colleagues 
(2010) examined the screening agreement between the MOT 4-6 and MABC by investigating 
the convergent validity of the two tests. They reported that agreement for the identification of 
motor deficits between the two tests was 58%. They also stated that more children with 
movement difficulties were identified with the MOT 4-6 compared to MABC. Their study 
highlights how performance in different assessment tasks as specified by the two different 
movement assessments can result in incongruent descriptions of an individual’s movement 
competence. These incongruent results, as reported in the literature, demonstrate the lack of 
agreement between tests.  
Cools and colleagues (2009) attribute the large variability between correlations of 
various movement assessments results to differing objectives, content, forms and constructs of 
the variety of movement assessments. Collectively, these findings illustrate how the assessment 
of movement competence can lead to varying performance results due to the different 
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assessment tasks between tests which can lead to possible misdiagnosis or misinterpretation of 
assessment results. Using a movement assessment whose objectives do not meet the purpose 
of testing may have serious implications as the test’s sensitivity may be affected and description 
of individuals’ movement competence may be misinterpreted (Logan et al., 2011). Thus, 
although test manuals indicate that a test can be used for more than one purpose, there may not 
be sufficient evidence in the literature to support the claim due to the incongruent results 
between various movement assessments (Wiart & Darrah, 2001). These cited examples allow 
one to appreciate why at present in the literature, there is no “gold standard” (Crawford et al., 
2001; Giblin et al., 2014; Logan, Robinson, & Getchell, 2011; Rudd et al., 2016). 
 
1.3.1.2. Cultural Sensitivity 
Another issue raised in the literature concerning validated movement assessment 
batteries is its sensitivity when used with samples of different cultural backgrounds from the 
normative sample. As movement experiences play a crucial factor in determining movement 
competence (Rudd et al., 2016; Seifert et al., 2013), participating in movement assessment 
tasks that are not familiar to the test sample may place them at disadvantage (Chow, Hsu, 
Henderson, Barnett, & Lo, 2006; Yoon et al., 2006). For example, it has been reported that 
some items of the MOT 4-6 have to be performed barefooted and the experience of completing 
tests items barefooted may be a barrier for some children which may lead to inaccuracies in 
movement performances (Cools et al., 2009). Other examples such as the assessment tasks of 
the overhand throw and striking test item of the TGMD-2 (Ulrich, 2000) may also be 
inappropriate for cross-cultural use since the tasks are highly related to baseball; a sport popular 
only in certain countries like the USA and Japan (Cools et al., 2009).  
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When movement assessment batteries are used in countries and cultures that differ from 
the normative sample of a particular movement assessment battery, caution has to be taken in 
the interpretation of test results, especially when reference is made to the normative data (Cools 
et al., 2009; van Waelvelde, Peersman, Lenoir, Engelsman, & Henderson, 2008). Using the 
MABC (Henderson et al., 1992) to compare movement competence of children from Flanders 
and the United States of America (USA), van Waelvelde et al. (2008) reported a lack of 
sensitivity in detecting children being “at-risk” of a developmental delay when used for a 
Flemish cohort. This was mainly attributed to the normative data of the MABC being derived 
from a USA sample. Notwithstanding, differences between children from Europe and USA are 
smaller when comparing against differences between children from Asia and the USA. In 
another example, Chow and colleagues (2001) compared the performance of 4-6-year-old 
children in Hong Kong and the USA and reported that the MABC was suitable for use in Hong 
Kong children although cross-cultural differences were found on some test items. In a follow-
up study, Chow and colleagues (Chow et al., 2006) proposed the need for slight modifications 
to some tests items to increase validity. Performance of children differs across countries, thus 
highlighting the cultural bias that may exist due to the design and content of various movement 
assessments. These examples indicate that using a movement assessment battery with 
culturally-biased assessment tasks may affect measurement sensitivity and thus, accuracy in 
description of an individual’s movement competence.  
 
1.3.1.3. Concerns Related to Criterion and Normative Referencing 
As discussed in previous sections, movement assessment batteries are often used for 
detection of motor development delays based upon specified criteria or by comparison of 
performance with normative samples. The use of a criterion reference has several limitations. 
First, the use of a criterion reference assumes an “ideal” pattern of movement that is often 
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compared to “mature, adult-like” movement patterns (Giblin et al., 2014; Seifert et al., 2013). 
Such an assumption is problematic for numerous reasons, and contemporary theories of motor 
behaviour have criticised this “one-size-fits-all” perspective (see Chapter 2). Secondly, when 
movement performances are compared against a criterion (criterion-referenced), functional 
movement variability is seen as undesirable (Chow, 2010; Seifert et al., 2013). Critically, 
movement variability should instead be seen as a function of movement adaptability based 
upon the constraints of the specified task (Davids et al., 2006b; Seifert et al., 2013). Although 
reference to a criterion may be an important feature for assessing the quality of movement, it 
is also necessary to consider the scope of tasks requirements as well as the differing context 
under which the movements can be performed (Burton & Rodgerson, 2001). For example, 
despite constraints of task requirements and environmental context being constant, an 
individual’s performance of a specific movement type may vary because of individual 
characteristics or their sensitivity at affordance detection. Specifically, the adoption of unique 
movement forms and movement strategies are effective based on an individual’s unique 
characteristics (Burton & Rodgerson, 2001; Newell, 1986). Therefore, inherent movement 
variability and its implication for movement competence should be considered in movement 
assessments. For example, the fundamental movement skills assessment tool – polygon or 
FMS-POLYGON (Žuvela, Božanić, & Miletić, 2011). It assesses movement competence of 
children via a timed obstacle course format that is norm-referenced. Children navigate through 
a series of obstacles and perform various movement types at each station of the obstacle course. 
Importantly, children can move and perform movement skills based upon their individual 
differences and are not penalised based upon set criteria. Purportedly, children who have better 
movement competence would demonstrate their adaptability and creativity in observed 




For assessment batteries that provide normative comparisons, some use the same 
normative data for both boys and girls while others have separate normative references that are 
specific to the sexes. Notably, sex differences in motor performance are evident in the literature 
(Barnett et al., 2010; Thomas & French, 1985). Gender-specific separate normative tables are 
provided for the MMT as the authors claim significant gender differences exist. For example, 
the TGMD 1 and 2 have separate norms for boys and girls, while the KTK has separate norms 
on two of their test items. Some claim that not offering separate normative references for boys 
and girls is a shortcoming in some movement assessments such as PDMS, MABC 1 and 2 (van 
Waelvelde, De Weerdt, De Cock, & Engelsman, 2003). However, the authors of MABC claim 
that separate age norms are not required for boys and girls as performance differences are not 
statistically different (Henderson et al., 2007). Their claims for not having separate norms for 
both sexes are substantiated with many studies indicating that in the early years, no substantial 
differences between boys and girls exist and the differences are attributed instead to 
environmental influences (Garcia et al., 1995; Greendorfer & Lewko, 1978; Thomas & French, 
1985; Wright & Burrows, 2006). Furthering this notion, specifically for the use of a singular 
normative reference for boys and girls, van Waelvelde and colleagues (2008) found no 
significant difference between the performances of boys and girls in their study with a Flemish 
sample investigating the movement competence of children. Cools et al. (2009) suggest that 
the presence of contradictory results on gender differences in the literature does not stimulate 
the creation of gender-neutral, reliable and valid assessment tools.  
 
1.3.1.4. Design and Nature of Assessment Tasks  
 In many movement assessment batteries, assessment tasks often require static, task-
specific movement skills to be performed discretely (Davids, Araújo, Vilar, Renshaw, & 
Pinder, 2013; Giblin et al., 2014; Longmuir et al., 2017; Seifert et al., 2013). For example, the 
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running task of the TGMD-2 (Ulrich, 2000) which is a component of locomotor competence 
consists of a straight line run for 50 metres. Notably, the TGMD assesses running form and 
thus, does not consider other aspects of movement competence such as responding to changing 
constraints. Yet, there is no evidence for undivided motor capacity (Clark & Metcalfe, 2002; 
Davids et al., 2000; Žuvela et al., 2011). Except perhaps in certain athletic track events, a child 
is rarely required to run in a straight line. In fact, a person moving in the “real-world” is 
continuously adapting movement responses based upon the information provided by the 
environment. For example, a runner on the pavement may need to change his gait speed and 
direction to avoid other pedestrians or obstacles such as drains and potholes on the same path. 
Locomotor movements are also adapted and scaled based upon the surface the runner is on. 
Using the same example from the running tasks of the TGMD, even if all criterion measures 
of the TGMD’s running tasks are met by an individual, if he/she is not able to adapt his running 
style and combine various movement attributes (e.g., postural control with locomotion skills 
when running up and down steps or a kerb when crossing a road) based upon dynamic 
environmental constraints, the results of the assessment for locomotion competence would not 
be objective. In their review, Giblin and colleagues (2014) reported that none of the movement 
assessments they reviewed tested an individuals’ ability to evaluate, combine and adapt 
movement skills according to the novelty of the test environments which notably, better 
represent the dynamic environment that we live in.  
Typically, the structure of many movement assessments includes prior demonstrations 
of the expected movement skills to be assessed. It has been suggested that the use of 
demonstrations may have a negative influence on the objectivity of results since individuals 
may be inclined towards a performance bias due to the replication of the demonstrated ideal 
form (Giblin et al., 2014; Seifert et al., 2013). Giblin and colleagues (2014) suggest that when 
demonstrations are shown preceding a movement assessment, the outcome performance may 
26 
 
instead be a reflection of the individuals’ capacity to reproduce the movement skill as 
demonstrated by a tester instead of actual competency.  
Movement assessment tasks should thus, strive to be less “laboratory-like”. Rather than 
having static test items that assess isolated movement types, test items should be more dynamic. 
Assessment design should be made based upon the individual’s ability to demonstrate adaptive 
movement responses to the dynamic constraints of the test environment. To achieve this, 
assessment tasks should include simulated situations in which a variety of movement solutions 
are possible. The assessment of general movement competence should be based upon the 
individual’s ability to combine, adapt and refine their movements based upon the nature of the 
task and what is afforded in the environment (Button, 2016; Gibson, 1977; Longmuir et al., 
2017; Seifert et al., 2013). The results of the assessment would then be more representative of 
movement competence as compared to an assessment result that is based upon “accurate” 
reproductions of discrete, isolated movement skills. 
 
1.3.1.5. Exclusions of Construct(s) of Movement Competence 
The lack of a universally accepted definition of movement competence (Logan et al., 
2018) means that definitions of the constructs of movement differ and are dependent upon the 
constructs of the assessment used (Scheuer et al., 2019). At present, movement constructs of 
locomotion, object-control and stability are widely accepted as representative of an individual’s 
movement competence. However, not all constructs are measured by all movement assessment 
batteries. Thus, current descriptions of movement competence of individuals may not 
encapsulate its broad complex nature.  
Rudd and colleagues (2015) investigated the role of stability in the model of movement 
competence. In their study, three stability skills were identified for assessment; they were the 
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rock, log roll and back support, for those skills measured different aspects of postural control. 
Results showed that the three identified stability skills were successful in differentiating 
competence across children aged 6 – 10 years old. Arguably, such results speak to the 
importance of including descriptions of stability control in describing general movement 
competence (Luz, Rodrigues, Almeida, & Cordovil, 2016; Rudd et al., 2015). However, 
stability is not measured in all movement assessments. Many movement assessments are 
focused upon locomotor and object-control skills, while other assessments exclude the 
assessment of other constructs of movement (Barnett, van Beurden, Morgan, Brooks, & Beard, 
2008; Lubans et al., 2010). For example, the MMT (Vles et al., 2004) does not assess locomotor 
skills and the KTK (Kiphard & Schilling, 2007) solely evaluates stability. On the other hand, 
the TGMD (Ulrich, 2000) does not measure stability skills which are considered a fundamental 
aspect of FMS (Davids et al., 2000; Gallahue & Ozmun, 2006; Rudd et al., 2015). Without 
consideration of all currently accepted constructs of movement, the results of the assessment 
would be an inaccurate description of the general movement competence of individuals’. 
Nonetheless, with some assessments only including specific constructs of movement, it 
indicates at this time, that perhaps combinations of movement assessments are advisable in 
order to get a holistic description of individuals’ movement competence, a view that has also 
been echoed by other authors (Longmuir et al., 2017; Luz et al., 2016; Rudd et al., 2015).   
 
1.3.1.6. Constraints of Administering Movement Assessments 
A key consideration for the feasibility of any movement assessment is the time taken 
for administration (Robertson, Kremer, Aisbett, Tran, & Cerin, 2017). Lengthy administration 
durations notably are perceived as a barrier for use in educational and sports settings (Giblin et 
al., 2014; Longmuir et al., 2017; Morgan & Hansen, 2007). From the movement assessments 
listed in Table 1.1, only the TGMD (Ulrich, 2000) takes up to 20 minutes to administer per 
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individual for the full test. All the other movement assessment batteries take more than 20 
minutes to administer. BOTMP and PDMS have the longest assessment duration of 45 – 60 
minutes. The time taken to administer tests has to be duly considered to reduce the 
administrative constraints often faced in general settings such as in schools.  
 Another limitation in administering movement assessments in general settings is that 
many movement assessments require qualified assessors. Thus, individuals using the 
assessments must receive standardised training which is understandably done to maintain an 
assessment’s reliability. Specialised training also ensures that interpretation of results is 
accurate for placement, diagnosis or identification of children across the spectrum of movement 
competence (Cools et al., 2009). However, the need for specialised assessors places human 
resources constraints in settings such as school, where resources are already limited (Giblin et 
al., 2014).  
 Thus far, concerns raised in the literature regarding presently validated movement 
assessment batteries have been presented. In recent years, there has been a growing interest in 
utilising technology for developing movement skills. Seemingly, exploring the use of advanced 
motion-sensing technology to assess movement may help address some current issues. To date, 
no known study documented in the literature has capitalised on the advances of video gaming 
technology to assess general movement competence. In the following section, empirical 
evidence is presented to substantiate the potential of motion-sensing technology for the 
assessment of general movement competence, serving to provide further empirical evidence 






1.4. Active Video Games (AVGs) 
The emerging technology of active video games (AVGs) or “exergaming” has been 
developing for almost 30 years (Sween et al., 2014). AVGs are video games in which 
individuals interact within a virtual game environment to complete tasks without the use of 
traditional handheld gaming consoles. Instead, human interaction with the video games’ virtual 
environment is typically monitored via sensor-based mats, boards, hand-held devices or 
motion-capture cameras (Lyons et al., 2011). Notably, AVGs comprise of a range of physical 
activities that differ in intensity (i.e., low to vigorous levels of energy expenditure). Over the 
last few years, there has been increased interest in utilising AVGs to aid motor development 
and increase physical activity levels.  
The following sub-sections examines research investigating the efficacy of AVGs in 
improving movement development and physical activity levels. This chapter ends with an 
overview of various validation and reliability studies that highlight the feasibility and potential 
of one such AVG system; the Microsoft Kinect in assessing movement competence. 
 
1.4.1. Impact of AVGs on Physical Activity Behaviours 
AVGs have shown positive effects on physical activity levels in children (Barnett, 
Cerin, & Baranowski, 2011; Foley & Maddison, 2010; Peng, Crouse, & Lin, 2012; Sween et 
al., 2014). Importantly, energy expenditure levels through the use of AVGs are dependent on 
the type of AVG, individuals’ perceptions and exergaming experience (Barnett et al., 2011; 
Foley & Maddison, 2010; Lyons et al., 2011; Sween et al., 2014). Some types of AVGs elicit 
higher levels of energy expenditure compared to others (Barnett et al., 2011; Lyons et al., 
2011). Lyons and colleagues (2011) compared the difference in energy expenditure between 
four types of video games; namely, shooter, band simulation, dance simulation and fitness 
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games. Results indicated that excepting shooter games, all other games elicited a significant 
increase in energy expenditure above resting levels. Fitness games increased energy 
expenditure by 322%, dance games by 298%, band simulation by 73% and shooter games by 
23%. Notably, the focus of an AVG in engaging specific body movements has an impact on 
energy expenditure (Foley & Maddison, 2010; Peng et al., 2012). Depending on the AVG 
played, individuals would use either upper body movements, lower body movements or whole-
body movements (a combination of both upper and lower body movements). Peng and 
colleagues (2012) suggest that AVGs that require either lower body movement or the whole 
body, resulting in more energy expenditure as compared to AVGs utilising just upper body 
movements.  
Some concerns have been raised with regard to the use of AVGs in movement 
development. Adherence to the use of AVGs over time is one example. Foley and Maddison 
(2010) questioned the frequency and duration that children would engage with AVGs in real-
world situations as those factors determined the effectiveness and sustenance of health gain 
through interventions. Barnett and colleagues (2011) found that most studies reported a decline 
in AVG use over time. Notwithstanding, they highlight that individuals’ enjoyment with an 
AVG is crucial in sustaining individuals’ involvement with AVG use. Notably, it has been 
reported that individuals are more likely to engage with AVGs for physical activity if they were 
fun and enjoyable (Sween et al., 2014). This is a critical consideration for any AVG being 
developed for although games may increase physical activity, individuals engagement may 






1.4.2. Impact of AVGs on Movement Competence  
AVGs have been shown to have positive effects on the movement development of 
children. Barnett and colleagues (2012) investigated the associations between pre-school 
children’s interactive and non-interactive electronic games use and movement skill 
competence. They found that children who spent more time playing interactive electronic 
games were more competent in object-control movement types. However, differences were not 
statistically significant for locomotor movement skills. Despite the positive associations 
established in their study, Barnett and colleagues (2012) suggest that AVGs may not 
necessarily develop children’s movement competence. In contrast, improvements to balance 
competence in clinical populations have been attributed to the use of AVGs. (Jelsma, Pronk, 
Ferguson, & Jelsma-Smit, 2013; Salem, Gropack, Coffin, & Godwin, 2012). Forty children 
with developmental delay participated in an AVG intervention targeting strength and balance 
for ten weeks. Results showed significant improvement in the AVG group compared to the 
control (Salem et al., 2012). Importantly, groups in both Jelsma and Salem’s study that utilised 
AVGs reported a preference for the use of the AVGs for its novelty and enjoyment over 
traditional therapeutic interventions.   
Reynolds and colleagues (2014) investigated the relationship between children’s 
movement proficiency and performance in exergaming. The study utilised Microsoft’s 
Xbox360 Kinect platform comprising of six AVGs; namely, sprint, javelin, long jump, discus, 
hurdles and target kicking. Results indicated significant correlations between AVG 
performance and movement competence. Reynolds and colleagues (2014) further suggest that 
the more proficient movers performed better in most AVGs and that AVGs could extract 
movements resembling real-life tasks. Furthermore, they report that the performance of 
individuals with better movement competence in the AVGs as a result of their greater ability 
to adapt to the constraints as represented by the AVG.  
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Vernadakis and colleagues (2015) examined the difference between AVG-based and 
traditional object-control skills training in early elementary school children. They also 
examined the children’s enjoyment while playing AVGs compared to the traditional approach. 
The AVG platform used was Microsoft’s Xbox360 Kinect while the TGMD-2 (Ulrich, 2000) 
was used to access the object-control skills of the participants at pre, post and retention trials. 
Results indicated that the AVG intervention group improved and retained their object-control 
skills over the control group. Furthermore, Vernadakis et al. (2015) suggest that the ability of 
the Xbox360 Kinect to modify tasks according to children’s needs was a critical factor for the 
positive scores of the AVG intervention group. Results further indicated that enjoyment for the 
AVG intervention group was higher than the traditional approach intervention group. This is a 
significant point to note as Lyon et al. (2011) suggest that individuals would be more likely to 
sustain their engagement with AVG if they perceived it to be enjoyable. Vernadakis and 
colleagues (2015) could not establish if the training programme of the AVG intervention group 
was easier than the traditional approach group. Thus, they were unable to identify if the 
increased enjoyment in the AVG intervention group was due to the difficulty level of the AVG 
tasks being perceived as less difficult. From their results, Vernadakis et al. (2015) proposed 
that AVGs could potentially foster movement development in children. Reynolds et al. (2014) 
and Vernadakis et al. (2015) suggest that constraints of AVG tasks encourage children to 
exhibit a range of movement combinations that allow the emergence of diverse functional 
movement variability. These studies support Giblin and colleagues’ (2014) recommendation 
that AVGs could be a potential platform for the assessment of movement skills due to its 
capacity to elicit a range of movements through interactive AVG assessment tasks.  
 Children’s perceptions of the use of AVGs in developing movement skills are positive. 
Past studies have shown that when engaged in the use of AVG for intervention, children 
perceived to have significantly improved in their physical skills (Hammond, Jones, Hill, Green, 
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& Male, 2014; Straker et al., 2015) and increased their motivation for physical rehabilitation 
(Chang, Han, & Tsai, 2013). Additionally, Jelsma and colleagues (2013) highlight that children 
with cerebral palsy prefer AVG-based intervention over conventional physiotherapy. Barnett 
and colleagues (2014) compared the perspectives of both parents and children on the potential 
of AVGs for movement development. Results indicated that parents viewed AVGs as having 
limited impact on movement skills due to poor transferability of movements used in the AVG 
and reality. In contrast, results from the same study indicated that children considered that 
movement skills acquired from playing AVGs were highly transferable to real-life settings and 
vice-versa. Moreover, results of Barnett and colleagues (2014) further indicated that children 
preferred using AVGs as a learning tool for developing movement competence as it provided 
immediate feedback on performance which was useful for their learning. 
 
1.4.3. Profiling an AVG System; the Microsoft Kinect 
The Microsoft Kinect is an AVG system that utilises depth-sensing camera technology 
to allow marker-less motion-capture. Studies have examined the feasibility, validity and 
reliability of the Microsoft’s Kinect to assess some movement skills (Bonnechere et al., 2014; 
Choppin et al., 2014; van Diest et al., 2014). The Kinect system has also been suggested as 
suitable for assessing ranges of motion for specific joint angles (Choppin et al., 2014; van Diest 
et al., 2014). However, Choppin and colleagues (2014) caution that it may not be accurate 
enough for segment tracking requiring extremely high levels of accuracy and precision. 
Previous studies comparing Kinect against 3D motion analysis systems and standard 
stereo photogrammetry have shown good to excellent associations (Bonnechere et al., 2014; 
Clark, Pua, Bryant, & Hunt, 2013; Clark et al., 2012). Bonnechere and colleagues (2014) report 
that the test-retest reliability results of Kinect and 3D marker-based systems were similar. The 
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intraclass correlation coefficient (ICC) ranged from moderate to good (0.61-0.89). Despite that, 
Bonnechere et al. (2014) state that there were differences in measurements between Kinect and 
the 3D marker-based systems. Differences in measurements were smaller in the upper body 
compared to lower body analysis. van Diest et al. (2014) investigated the ability of Kinect to 
measure whole-body movement patterns during exergaming. In their study, comparisons 
between the Vicon motion analysis system and the Kinect system showed that Kinect could 
capture more than 90% of all body segment movements which highlighted the accuracy of 
Kinect’s motion capture ability. In addition, van Diest et al. (2014) indicated that Kinect could 
identify relevant movement patterns despite a recorded variance in tracking body segments, 
especially in the lower extremities. This finding is similar to Bonnechere et al. (2014) who 
reported that the range of motion of lower extremities measured using the Kinect when 
compared to Vicon showed larger discrepancies than the detected range of motion of the 
shoulders. van Diest and colleagues (2014) attributed the lower accuracy of the Kinect to the 
low resolution (640 x 480 pixels) of its camera. Importantly, they found that the standard 
deviations for outcome measures as measured by both systems were large, yet similar for both 
systems under different conditions, thus, indicating high inter-individual variability rather than 
low reliability of the Kinect measurements. With that finding, they recommended that in order 
to increase measurement accuracy, AVGs programmed in Kinect should account for 
individuals’ physical characteristics. 
The Kinect has been specifically validated for assessing movements such as jumps and 
balances (Clark et al., 2013; Clark et al., 2012; Clark et al., 2015; Sgrò, Nicolosi, Schembri, 
Pavone, & Lipoma, 2015). Clark and colleagues (2012) compared the Kinect with 3D motion 
analysis systems. Three postural control tests were performed; lateral reach, forward reach and 
single-leg standing balance. Results showed that the Kinect provided excellent concurrent 
validity for anatomical landmark displacement and trunk angle data when compared to the 3D 
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motion analysis system. Moreover, the Kinect and 3D motion analysis systems had comparable 
inter-trial reliability with intraclass correlation coefficient (ICC) difference being ≤ 0.16. 
Pearson’s r-values were more than 0.90 for the majority of measurements (r = 0.96 ± 0.04; 
range 0.84-0.99). A limitation of the Kinect system as highlighted by Clark and colleagues 
(2012) was that the Kinect was unable to assess the internal and external joint rotations in the 
peripheral limbs.  
Clark and colleagues (2015) suggest that the Kinect is a valid and reliable tool for 
measuring aspects of balance. Their study assessed the concurrent validity and reliability of 
Kinect against a marker-based 3D motion analysis system during a variety of static and 
dynamic balance assessments. Concurrent validity of the Kinect for trunk angle data during 
dynamic tasks and anterior-posterior range and path length in the static balance was excellent 
(Pearson’s r > 0.75). However, concurrent validity for medial-lateral range and path length was 
poor to moderate for all trials except single-leg balance. Although the Kinect’s test-retest 
reliability was variable, the results were importantly deemed comparable between the Kinect 
and the marker-based 3D motion analysis system. 
Sgrò and colleagues (2015) studied the feasibility of Microsoft Kinect to support the 
qualitative assessment of the vertical jump skill in 9 – 12-year-old children by investigating if 
the kinematic and temporal output measures from the Kinect would discriminate between 
developmental levels. Results indicated that the use of the Kinect improved the qualitative 
assessment of the vertical jump skill as the Kinect provided additional kinematic and temporal 
parameters. They suggested that the inclusion of quantitative variables as provided by the 
Kinect increased the sensitivity of the assessment for discriminating between competence 
levels. With their results, Sgrò et al. (2015) substantiated the recommendations of others that 





1.5. Moving Ahead 
This chapter has provided an overview of the key constructs of movement assessments 
and its evolution through the times. The importance of moving competently from a young age 
has been discussed for its associative benefits for lifelong physical activity. While monitoring 
levels of movement competence is critical, concerns regarding the static nature of assessment 
tasks have also been highlighted. The potential value of utilising motion-sensing technology 
such as the Microsoft Kinect serves as an impetus for this programme of work. The theory 












There are many theories that describe human motor development. For much of the 20th 
century, the dominant theories of motor development such as neuro-maturation approaches, 
stage theories of learning and information-processing theory posited that the development of 
movement coordination is due to the development of internalised prescriptions for action in the 
central nervous system. These prescriptions are coded as symbolic knowledge structures that 
determine the course of action (Newell, 1986). Such prescriptive theories or reductionist 
perspectives of motor development suggest that movements are progressively assembled and 
that the development of plans for action must occur before the behaviour can emerge (Clark & 
Whitall, 1989; Thelen, Kelso, & Fogel, 1987).  
Today, the dominant perspectives of motor development are more interactionist. In 
particular, they consider more closely the significance of how interactions with the 
environment influence individuals’ movement development. Researchers no longer view 
development as an orderly, linear sequence of progression. Additionally, individual variations 
in progression rates are presumed to reflect the unique interactions between individual 
characteristics, the environment, and the task contexts (Davids et al., 2006b). Indeed, the 
contemporary views of motor development consider the role of exploration and discovery in 
finding solutions to new task demands closely (Thelen, 1995). One such theory is ecological 
dynamics which underpins this PhD programme of work. 
The ecological dynamics theory approach posits that humans adapt their movement 
patterns according to task demands. Therefore, the process of movement competence levels 
developing over time is not driven solely by maturation but is influenced heavily by adaptation 
and learning through exploration (Clark, 2007; Clark & Whitall, 1989). From an ecological 
dynamics perspective, motor development is a nonlinear, continuous process rather than 
progressive and stage-like. Indeed, Clark and Metcalfe (2002) suggest that developmental 
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change should be considered as age-related but not age-determined. Clark (1994) suggests that 
although movement development may mimic a sequential process, the skills and experiences 
from each developmental period provide the basis for extensions and refinements in subsequent 
periods, thus, indicating that individuals develop at varying rates depending on their movement 
experiences.  
Ecological dynamics theory view humans as open, complex systems that are always in 
the process of change. Complex systems are sensitive to environmental changes that may 
perturb the homeostasis or stability of the system (Davids, Bennett, & Newell, 2006a; Newman 
& Newman, 2010). Although reductionist approaches view the normative patterns of motor 
development as a sequence of stages that are heavily guided by genetics and neural structures, 
the regularities in motor behaviours are better understood as a result of a dynamic process of 
exploration in which individuals coordinate their physical actions with the demands and 
opportunities of the situation (Metzger, 1997). Thus, in this respect, human movement systems 
are characterised with a natural capacity for self-organisation into stable attractor states. 
The notion of attractor states suggests that some patterns or organisation of behaviour 
become more stable and preferred compared to others (Kelso, 1995; Kugler, Kelso, & Turvey, 
1980). In a stable attractor state, the system can withstand minor alterations. However, when 
faced with significant perturbations and put into disequilibrium, the system, with a capacity for 
self-organisation adapts and a new adaptive movement characteristic emerges (Davids et al., 
2013; Davids et al., 2006b). Ecological dynamics assumes that complex behaviours and new 
patterns of behaviour emerge from a dynamic interaction between constraints and pre-existing 
components that are adapted and refined according to the movement contexts. Thus, early 
movement experiences provide the elements for the combination and adaption of complex 
movement forms to emerge. Therefore, put simplistically, movement development involves 




2.2. Ecological Dynamics Theory 
With regards to the development of human movement competence, it is of relevance to 
consider the importance of the first decade or so of a human’s lifespan. Indeed, studies 
investigating movement competence and its implications on a child’s holistic development 
have refocused attention to the underlying issue of fundamental movement skills (Barnett et 
al., 2016b; Giblin et al., 2014; Tremblay & Lloyd, 2010; Whitehead, 2010). This thesis adopts 
the ecological dynamics theory to understand the key elements that underpin human movement 
development and uses them to guide the development of an alternative movement assessment 
tool.  
The ecological dynamics framework integrates concepts from ecological psychology 
and dynamical systems theory to conceptualise humans as open, complex systems. A 
fundamental assumption of the ecological dynamics approach is that individuals’ movement 
responses are a result of the dynamic interaction between the many complex systems and sub-
systems that are responsible for motor control (Chow et al., 2007b; Davids, Araújo, 
Shuttleworth, & Button, 2003a; Seifert et al., 2013; Vilar, Araújo, Davids, & Button, 2012). 
From this contemporary perspective, the central nervous system is not the fundamental 
biological (maturation) or psychological (cognitive or information processing) process behind 
motor development (Whitall, 1995). Thus, motor development is a complex, non-linear process 
and though age-related, is largely dependent upon the prior movement experiences of an 






2.2.1. Influence of Constraints 
Newell and colleagues (1989) proposed that the acquisition of coordination reflects a 
dynamical representation of the changes in stable coordination modes. Individuals as open, 
complex systems are continually modifying and adapting movement responses to a range of 
constraints (Davids et al., 2008). Thus, the capacity to develop movement competence is 
dependent upon various constraints that support the information-based regulation of action. 
(Davids et al., 2013; Newell, 1986). As an example to illustrate this point, Chow and colleagues 
(2007a) found that when individuals were instructed to kick a ball over a barrier towards a 
target, a manipulation of task constraints of barrier height and position of a target resulted in a 
change in kicking kinematics. More competent individuals responded to the change in task 
constraint by adapting the speed of their kicks to match the height of the barrier. In contrast, a 
driving-kick was delivered in all trials regardless of the change in barrier height by less 
competent individuals. This study provides evidence to suggest that more competent 
individuals are sensitive to changing task constraints and that movement response reflects 
functional adaptation to changing task constraints. In another study looking at the effects of the 
presence of a defender on run-up velocity in kicking a ball, task constraints were manipulated 
with an absent defender, a far-positioned defender and a near-positioned defender. It was found 
that while passing accuracy was not affected by the changing constraints, the run-up velocity 
to the ball was significantly increased when the defender was nearer to the ball position 
compared to the absent defender and the far-positioned defender conditions (Orth, Davids, 
Araújo, Renshaw, & Passos, 2014). The adaptation of movement responses that differ between 
levels of competence in individuals based upon changing task constraints is consistent across 
studies such as punching a boxing bag (Hristovski, Davids, & Araújo, 2006) and basketball 




2.2.2. Affordances and Action-Capabilities  
From the perspective of the ecological dynamics theory, a critical aspect of movement 
competence is the ability to accurately identify and capitalise on the affordances or the 
opportunities for action to achieve outcome goals (Davids et al., 2013). Gibson (1977) 
described affordances as what the environment offers or provides to the movement system in 
terms of its action opportunities. An example of an affordance is the extent to which stairs are 
“climbable” in the sense of what is typically perceived as walking up the stairs whilst remaining 
upright. Whether an individual can walk up the stairs is inherently dependent upon organismic 
constraints of an individual’s leg length and the environmental constraints of the height of each 
step (Warren, 1984). If the height of each step is beyond the action-capabilities of an individual, 
for example, a toddler, then instead of climbing the stairs upright, the toddler, based upon their 
action-capabilities may instead climb up each step using all four limbs to reach the top of the 
stairs.  
On the other hand, an individual whose action-capabilities far exceed the requirements 
of the task (i.e., stair climbing) may run up the stairs two steps at a time. In another example 
highlighting how capitalising on the affordances may differ across the spectrum of movement 
competence, Gérin-Lajoie and colleagues (2007) found that trained athletes in comparison to 
non-athletes were able to utilise locomotor movements in navigating through a complex 
obstacle course faster. The study found that the athletes’ faster movement responses were due 
to better affordance identification coupled with the accurate scaling of action-capabilities 
utilised during navigation of the obstacle course.  
Another critical element that determines an emergent movement response is the 
calibration of an individual’s action-capabilities to the affordances within the environment. 
Specifically, the scaling and calibration of the perceived action-capabilities of an individual in 
relation to the available affordances will contextualise movement appropriately and result in 
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action. This scaling is termed perceptual-motor calibration (van Andel, Cole, & Pepping, 
2017). An accurate scaling of action-capabilities to affordances allows distinction between 
what is possible and impossible for a movement response within a specified environment 
(Franchak, van der Zalm, & Adolph, 2010; van Andel et al., 2017).  
For children, in particular, the accuracy of the perceptual-motor calibration may 
determine if action responses in specific situations are safe or if the movement response based 
upon the calibration is harmful or places them in danger. Individuals who are competent in 
movement are able to calibrate their perceived action-capabilities to the available affordances 
accurately. Furthermore, competent individuals often perform at the limits of their action-
capabilities since they are more sensitive in the perceptual-motor calibration  (Bourdin, 
Teasdale, Nougier, Bard, & Fleury, 1999; Seifert et al., 2013).  
Whenever the system is perturbed, the ability of individuals to accurately recalibrate 
their perceptual-motor responses is determinant of a successful movement response (van Andel 
et al., 2017). In climbing, it was found that less competent individuals are less attuned to the 
available affordances that provided possibilities for a more effective and efficient movement 
response. Instead of harnessing environmental constraints for effective climbing strategies, less 
competent individuals chose instead to focus on maintaining body stability (Bourdin et al., 
1999). This further illustrates that competent individuals are more sensitive to calibrating 
movement responses in relation to the perception-action coupling of complex movement and 
that the ability to recalibrate (i.e., scaling of movement response to changing action-
capabilities) may be less developed in individuals with lesser movement competence. As a 
result, less competent individuals utilise the information that is only partially functional to 
performance (Seifert et al., 2013). In other words, movement responses in less competent 






Ecological dynamics borrows concepts emanating from Bernstein (1967) who proposed 
that human movement patterns are a result of the system’s self-organisation of stable movement 
patterns into functional and flexible coordinative structures. The system’s movement responses 
are influenced by the interactions between the individual (organismic constraints), task and 
environmental constraints. Kugler and colleagues (1980) described coordinative structures as 
flexible, temporary and specific to the task at hand. In other words, collectives of muscles and 
joints are constrained by the movement system to act cooperatively to produce an action. In 
terms of movement competence, in less-skilled individuals, initial exploratory movements 
often appear “frozen” and “rigid” and with practice begin to free up and become “smoother” 
as an individual gains familiarity with the task (Seifert et al., 2013). In a swimming example, 
in order to maintain buoyancy, less competent individuals who adopt techniques of freezing 
the degrees of freedom are mechanically inefficient. This is demonstrated with the arms being 
frozen downwards momentarily during the leg propulsion phase which creates drag, thus 
hindering achievement of a faster swim speed (Seifert, Leblanc, Chollet, & Delignières, 2010). 
Importantly, the reorganisation of the degrees of freedom is a function of adequate exploration 
and practice of movements (Davids et al., 2013). 
 
2.2.4. Functional Variability 
Functional movement variability has traditionally been seen as an undesirable aspect of 
human movement behaviour (Chow, 2010). It is now widely accepted that variability can play 
a positive, functional role in assisting learners to transit from one movement behaviour to new 
ways of moving (Davids et al., 2006a). Davids and colleagues (2008) suggest that movement 
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variability is necessary to help individuals adapt to the constraints of a dynamic environment. 
From a developmental perspective, arguably more attention needs to be given to the functional 
role of movement variability instead of penalising an individual for not performing to an 
“ideal” pattern or standard. Movement variability, when identified, can act as a channel to help 
encourage exploration and search for functional movement solutions within a dynamic 
environment (Riley & Turvey, 2002).  
As movement responses are inherently dependent on individual differences, variability 
in movement patterns may explain why individuals move differently from each other in 
accomplishing outcome goals despite engaging in similar tasks. The concept of functional 
variability thus suggests that movement assessment tasks should be cognisant and 
accommodate individual differences which give rise to variation in movement responses. 
Crucially, individuals need the freedom to explore and discover the emergent movement 
responses that are functional to their unique individual characteristics. Importantly, movement 
variability as a result of individual differences in organismic constraints can lead to different 
optimal patterns of coordination for the same set of environmental and task constraints (Newell, 
1986; Seifert et al., 2013). Therefore, further suggesting that movement responses are a product 
of these interacting constraints and can vary depending on individuals.  
 
2.2.5. Summary 
The development of coordination and consequently, movement competence emerges 
from the interactions between the individual and the various constraints that are partly 
dependent upon an individual’s prior movement experiences. Based on the action capabilities 
of an individual (organismic constraint), the task and environment may afford more 
opportunities to act/move amongst more competent individuals compared to individuals with 
lesser movement experiences.  Therefore, in this thesis, movement competence is defined as 
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the capacity of an individual to adapt movements based upon affordances and produce 
functional movement solutions that are effective and efficient based upon their action-
capabilities. 
 
2.3. The Current Thesis 
From the ecological dynamics perspective, movement development is a complex 
process governed by the dynamic interaction of constraints that influence the perception-action 
responses of individuals. Many present movement assessment batteries present static 
assessment tasks that downplay the complexity of movement development which is a non-
linear changing process.  With a focus on detecting individuals performing at the lower end of 
the spectrum of movement competence (Scheuer et al., 2019), perhaps what is crucially lacking 
in these assessments is the consideration of an individual’s ability to combine, refine and adapt 
movement responses into functional variable patterns specific to the individual that suit the 
context of the environment. Such reductionist approaches towards movement assessment, 
although driven by operational needs, do not adequately consider the significance of how 
interactions between individuals and the performance environment determine the emergent 
movement responses of an individual.  
Low-cost motion-sensing video game technology such as AVGs have been 
recommended as having potential in assessing whole-body movements. With programmable 
AVGs, the ability to present dynamic assessment tasks allows individuals to demonstrate their 
ability to combine, refine and adapt movement solutions in response to what is afforded in the 
virtually represented environment. Specifically, AVG systems such as Microsoft Kinect have 
demonstrated to be valid and reliable and has been suggested as a potential tool for the 
development and assessment of movement competence. In the current thesis, a new movement 
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assessment, the General Movement Competence Assessment (GMCA) was developed based 
upon the theoretical foundations of ecological dynamics theory. In particular, this thesis 
investigates various aspects of reliability and validity of the GMCA.  
 
2.3.1. Development of the GMCA 
The GMCA utilises the marker-less, motion-sensing video game system of the 
Microsoft Kinect. The various AVGs of the GMCA were programmed using the Kinect 
Windows Software Development Kit version 2.0 (SDK v2.0). Importantly, utilisation of the 
SDK 2.0, allowed the: 1) creation of a simple biomechanical model of the individual (25 joint 
segments); 2) design of different assessment tasks that would putatively assess movement 
competence; 3) customisation of GMCA games to accommodate for individual differences 
(i.e., based upon height and limb lengths).  
From an ecological dynamics perspective, there is no hierarchical plan for development, 
either internal or external, to the organism. Hence, the theoretical foundations of the GMCA 
are not constructed upon a reductionist approach to the study of development (Davids et al., 
2013; Newman & Newman, 2010; Seifert et al., 2013). Movement responses are a consequence 
of the dynamic interactions of many systems and subsystems. Specifically, movement 
responses are a result of self-organisation under constraints and not dependent upon 
individuals’ prior acquisition of “fundamental” sets of movements (Pot et al., 2017). Thus, an 
observed movement is representative of functional movement variability that differs amongst 
individuals. Adopting that perspective, the GMCA utilises a quantitative assessment approach 
since referencing movement patterns to criterions would notably, oppose the foundations of 
ecological dynamics theory.  
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GMCA games were designed to measure aspects of an individual’s movement 
competence based upon the ecological dynamics approach (see Table 3.1 for detailed 
characteristics of the games). The GMCA consists of five AVG games (refer to Appendix C) 
named 1) Balance, 2) Precision, 3) Control, 4) Swiftness and 5) Interception. Although there 
is no universal definition of movement competence (Giblin et al., 2014; Logan et al., 2018; 
Rudd et al., 2016), stability skills, interceptive skills, locomotion, fine-motor skills and 
coordination are widely accepted as critical features of movement competence (Logan et al., 
2018). Therefore, the various games of the GMCA were developed to assess various movement 
constructs as the very nature of movement involves the interdependence of various constructs 
of movement (Bourdin et al., 1999; Davids et al., 2000; Yogev-Seligmann, Giladi, 
Gruendlinger, & Hausdorff, 2013; Žuvela et al., 2011), each GMCA game aimed to measure 
combinations of several constructs of movement competence. The theoretical impetus for the 
development of the five specific games is highlighted in the following sub-sections. 
 
2.3.1.1. Balance 
Stability skills or postural control is putatively measured in the Balance game. 
Maintaining stability or postural control is a complex task in which perception-action coupling 
plays a critical role in successful performance (Gautier, Thouvarecq, & Vuillerme, 2008; Rudd 
et al., 2015). Gautier and colleagues (2008) found that more competent individuals were better 
able to adapt postural control during perturbations to optical flow in the anterior-posterior 
direction.  
One-leg balances are typically used in postural control tests (Geldhof et al., 2006; 
Henderson et al., 2007). In Balance, individuals respond to game constraints that require one-
leg balances in different configurations. Importantly, when performing one-leg balances with 
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changing configurations, an individual’s centre-of-mass is constantly changing, and the ability 
to suitably respond to these changes would reflect their stability competence. In more difficult 
levels of Balance, individuals are also required to adopt certain upper limb positions while 
maintaining the one-leg balances. Notably, responding to changes in the body’s centre-of-mass 
as a result of the interaction of environmental constraints is essential for many other activities 
such as walking, climbing and skateboarding (Bril & Brenière, 1993; Ko, Challis, & Newell, 
2003; Orth, Davids, & Seifert, 2016; Yogev-Seligmann et al., 2013).  
The GMCA Balance was created to specify a task constraint to individuals that required 
the organisation of the body into balance positions with limbs in designated positions as 
displayed on the TV screen (refer to Appendix C). For example, in order to have correct 
placement of the limbs into the specific zones in a one-leg balance (stage 1 of Balance), some 
individuals may flex the hips and knees to position their foot into the specified placement zone. 
Others who are more flexible may be able to place their foot in the designated zone by only 
flexing their hips and leaving their knees in extension. The final balance poses that are adopted 
would vary amongst individuals due to the self-organised actions that are based upon individual 
characteristics and what is afforded by the various constraints (i.e., specified balance zones for 
limbs).   
 
2.3.1.2. Precision 
In Precision, individuals control cars (avatars) from one end to another designated end 
of a route (depicted as roads in the game). Initial stages of the game required one hand for 
completion (unimanual stages). Subsequent stages required the use of both hands (bimanual 
stages). Bimanual stages had symmetrical and asymmetrical routes that also required either in 
or antiphase movements for completion.  
50 
 
Importantly, unimanual stages of Precision are programmed such that individuals are 
required to perform unimanual actions that crossed the midline of the body. Crossing the 
midline of the body is considered a complex movement task as it involves the ability to use one 
body part in the contralateral side of space. Importantly, it indicates how well both sides of the 
body have become integrated (Cermak, Quintero, & Cohen, 1980). Notably, the manual 
coordination of crossing the midline of the body is not dependent exclusively on maturation 
but upon an individual’s interaction with the environment; with competence purportedly 
increasing with age (Carlier, Doyen, & Lamard, 2006; Cermak et al., 1980; van Hof, Van der 
Kamp, & Savelsbergh, 2002).  Concerning the Precision game, more competent individuals 
would be better able to coordinate the antiphase movement in the asymmetrical routes which 
would reflect the control strategy of releasing and coordinating the degrees of freedom of the 
body. In contrast, less competent individuals would demonstrate a more rigid form and 
consequently, may take a longer time to achieve outcome goals (Seifert et al., 2010). Crucially, 
competence in bimanual coordination is important for the perceptual development of 
individuals as it transfers to object-control activities (Bril, Rein, Nonaka, Wenban-Smith, & 
Dietrich, 2010; Cermak et al., 1980). 
 
2.3.1.3. Control 
Control was conceived to assess the object-control (also known as object-manipulation) 
competence of individuals via a juggling task. Object-control is defined as controlled force 
production to manipulate an object to achieve an outcome goal (Gallahue & Ozmun, 2006). 
Importantly, the theory driving the inclusion of Control in the GMCA is that object-
manipulation requires complex levels of hand-eye coordination and visual-perception in tasks 
such as catching (Bril et al., 2010; Mason, Bruyn, & Lazarus, 2013; Rosenbaum, Chapman, 
Weigelt, Weiss, & van der We, 2012). Although the object manipulated in Control is virtually 
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represented and therefore omits tactile feel, competent individuals should be able to use the 
visual information as provided in the game to achieve outcome goals (Day, Ebrahimi, Hartman, 
Pagano, & Babu, 2017).  
In a study investigating how individuals adapted their reach capabilities from visual 
feedback provided from virtual reality, Day and colleagues (2017) found that individuals were 
able to accurately calibrate movement responses based upon the virtual tools used for judging 
reach distances. Importantly, the results of the study illustrate that humans are capable of 
perceiving and controlling virtual projections of limbs as part of the body to actively interact 
with environmental constraints.  
 
2.3.1.4. Swiftness 
Assessing competence in locomotion typically involves individuals performing a range 
of locomotion skills such as walking, running, skipping and leaping amongst other examples 
(Gallahue & Ozmun, 2006; Ulrich, 2000; Wickstorm, 1970). From an ecological dynamics 
perspective, an outcome rating of locomotor competence should represent individuals’ ability 
in responding to dynamic constraints, observable in everyday movements such as stepping onto 
a curb or changing directions to avoid fellow pedestrians on the pavement or in a crowded 
shopping mall. Notably, responding to these constraints functionally and effectively involves 
other aspects of movement competence such as responsiveness in changing speeds and 
directions of locomotion (van Andel, Cole, & Pepping, 2018; Žuvela et al., 2011).  
In Swiftness, individuals move and step into specified spots that appear on the play 
space as displayed on the TV screen (projections are represented visually as a 3-dimensional 
space; refer to Appendix C) in the quickest possible time. Once individuals move into a 
specified spot, another spot automatically appears in another location within the play space. 
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Thus, in addition to locomotive actions, Swiftness assesses locomotion competence based upon 
an individual’s ability to respond to directional changes as well as functionally accelerate and 
decelerate locomotor actions accordingly. The inclusion of changes of directions in Swiftness 
also requires accuracy in foot placement into the designated spots. Notably, the inclusion of 
this task constraint in Swiftness is based upon previous studies demonstrating that locomotion 
competence is a representation of an individual’s accurate perceptual-motor recalibration when 
exposed to altered affordances (Bruggeman, Zosh, & Warren, 2007; Durgin et al., 2005; 
Mohler et al., 2007). Thus, perceptual-motor calibration is dependent upon individuals’ action-
capabilities that are intrinsically linked to individual characteristics such as limb length and 
power. Thus, the locomotive movement response is consequent on the perceptual-motor 
calibration, and recalibration is unique to each individual. Some individuals may choose to step 
into specified spots by sprinting, while others may jump, leap or use a combination of 
locomotor movements based upon their perceptual-motor calibration. Importantly, variability 
in locomotive movement responses serves as a function for individuals to accomplish the 
outcome goals in the shortest possible time.  
In the context of a growing child, the use of locomotion in play is observable in 
childhood play activities such as tag and other various organised sports. In these instances, 
functional changes in direction, otherwise known as agility, are critical for successful 
movement. For example, newer movement assessment tools that adopt an obstacle course 
format (e.g., Canadian Agility and Movement Skill Assessment; CAMSA, Longmuir et al., 
2017; FMS-POLYGON, Žuvela et al., 2011, etc.) for movement competence assessment report 
that more agile individuals fare better comparatively (Longmuir et al., 2017; Žuvela et al., 
2011). Importantly, observed locomotive actions of individuals during Swiftness are a result 
of the self-organised movement response; reflective of the perceptual-motor calibrations and 
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recalibrations that are unique, based upon the locomotor capabilities of each individual and 
what is afforded for action (Fajen, Diaz, & Cramer, 2011).  
 
2.3.1.5. Interception 
Interception was conceived to assess the competence of individuals in dual-task 
activities concurrently. The dual-task activity of interception is represented with individuals 
having to 1) save spaceships one at a time by hovering a hand over them and at the same time 
2) destroy asteroids (by touching them) that move towards the spaceship with the prospect of 
crashing into it. The appearance and timing between the appearance of the spaceships as well 
as the speed and flight paths of the moving asteroids were randomised. Thus, individuals would 
act differently based upon the changing affordances of the game. When faced with a barrage 
of asteroids, some may destroy most of the asteroids first before proceeding to save the 
spaceships when the number of asteroids present is more manageable. Others with better 
interceptive capabilities would manage to save the spaceships and destroy the asteroids 
regardless of the number of asteroids presented. In other instances, an individual who is very 
dependent on their dominant hand would seek to mainly use the dominant hand to save the 
spaceships (the primary task). While more competent individuals would demonstrate 
movement responses of using either their dominant or non-dominant hand to save a spaceship, 
based upon the location of the spaceship in relation to the side of the body that the spaceship 
is closer to.  
Movement adaptability is a key element of movement competence. An adaptable mover 
is one who is able to keep the system stable under perturbations from changing constraints 
(Davids et al., 2006b). Specific to Interception, with the asteroids moving randomly throughout 
the play space with a likelihood of crashing into the spaceships to be saved, the secondary task 
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of destroying asteroids seeks to destabilise or perturb the stable state of the individual. If the 
straying asteroids (or secondary task) successfully destabilised the individual, this would likely 
result in the spaceship being destroyed. 
In a general movement context, coordination between limbs is essential for success in 
movement tasks, such as coordinating the use of both fork and knife for eating, dressing and 
climbing, amongst other examples (Newman & Newman, 2010). In organised sport, 
competence in dual-task activities where independent use of the hands are essential is observed 
in situations such as dribbling a basketball and fending or guarding against a defender. Notably, 
coordination of the simultaneous use of both sides of the body concurrently is crucial to 
performance in dual-task activities requiring independent use of the hands.  
In current assessment batteries, competence for independent use of the hands is assessed 
with pegboard type tasks. Competence of manual dexterity, represented by the competent use 
of each hand independently to complete tasks (e.g., pegboard) is assessed separately for each 
hand. For example, in the MABC-2 (Henderson et al., 2007), individuals are timed on how 
quickly they place pegs into a peg-board on their preferred and non-preferred hand separately. 
Currently, a movement assessment battery that assesses the competence of individuals to use 
both their hands concurrently in separate tasks does not exist.  
 
2.3.2. Measurement Properties and Feasibility 
An appropriate level of measurement properties is indeed crucial to ensure confidence 
in the interpretation of the results of a test. Specific to the area of human sciences, a developed 
tool’s measurement properties that are necessary to investigate include reliability, validity and 
responsiveness (Currell & Jeukendrup, 2008; Zumbo & Chan, 2014). Other than reliability, 
validity and responsiveness, Robertson and colleagues (Robertson et al., 2017) propose that 
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feasibility is another important element to consider in rating the usefulness of an assessment in 
practical settings. They suggest that the feasibility of a tool is determined based upon variables 
such as the required level of familiarity in order to use the tool or test, duration of the test and 
financial costs involved. Indeed, testing the various measurement properties of a tool involves 
a progressive, on-going approach. Each measurement property includes various other elements. 
For example, the overarching measurement property of validity includes construct validity, 
content validity and discriminative validity amongst others. 
Before considering which specific measurement and feasibility properties of a test 
should be examined first, it is crucial to understand the contemporary views of validity. 
Traditional views of validity are conceptualised as tools being validated to measure what it is 
supposed to measure. Furthermore, traditional validity nomenclature characterised types of 
validity (e.g., convergent validity) as independent measures of a tool  (Zumbo & Chan, 2014). 
However, these views are outdated (Gunnell et al., 2014; Kane, 2013). 
Contemporary views of validity suggest instead that tools are not validated. 
Specifically, validation encompasses the interpretations of test scores derived from a particular 
population and context. Thus, validity is a matter of degree, and it may change over time as the 
interpretations, and the uses of a tool develop coupled with the accumulation of new evidence 
(Kane, 2013; Messick, 1989). In other words, validity is not considered dichotomous, but 
instead, a matter of degree or based upon a continuum since no one source of evidence is 
sufficient (Messick, 1989; Sireci, 2007). Besides, contemporary perspectives establish types of 
evidence (e.g., convergent evidence) as the accumulation of evidence that facilitates the 
interpretation of validity holistically. Zumbo and Chan (2014) promote that the various types 
of validity should be taken as various validity evidence that suggests a unified concept.  
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In establishing the validity of the GMCA for any given cohort, it is imperative to 
consider the contemporary views of validity. In particular, validity is a unitary concept, and no 
one source of evidence is sufficient (Messick, 1989). Instead, establishing the extent to which 
measurements taken from the GMCA are valid will require an ongoing process in which 
multiple sources are evidence and theory are gathered together and synthesised. 
 
2.3.3. Aims of the Current Thesis 
This PhD programme of work aims to determine the feasibility of the GMCA in 
assessing general movement competence. To achieve this aim, three empirical studies were 
conducted to investigate aspects of the GMCA’s reliability and validity for children. A 
comprehensive discussion of the three empirical studies conducted to ascertain the reliability 
and validity of the GMCA are presented in subsequent chapters, 3, 4 and 5.  
The GMCA is a new movement assessment tool that has been designed based on the 
theoretical concepts of ecological dynamics. Key ideas like self-organisation under constraint, 
functional variability and the identification of affordances have been carefully built into the 
design of the five movement assessment tasks. For example, the GMCA does not penalise an 
individual based solely upon an ideal movement response. The various games of the GMCA 
putatively measure a combination of movement attributes that collectively, describe an 
individual’s general movement competence.  
As a new movement assessment tool, the construct factor of the GMCA had to be 
determined first. Thus, the first study (see Chapter 3) adopted an exploratory approach and 
examined the internal reliability of the GMCA games as well as its measured constructs. With 
the factor structure of the GMCA determined from the exploratory factor analysis, the next 
study (Chapter 4) was a construct-validation study conducted with a larger sample. In study 2, 
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data were also examined for 1) relationships between GMCA performance and age and 2) 
presence for any performance difference between boys and girls for the entire sample. Chapter 
5 presents the last study conducted for this PhD programme. In study three (see Chapter 5), the 
sensitivity of the GMCA to detect change was examined. Potential interactions between time, 
age and sex were also investigated.  
This thesis concludes with an Epilogue (see Chapter 6) that summarises the main 
findings from each of the three studies (Chapter 3, 4 and 5). Limitations related to this 
programme of work are discussed with recommendations for future studies to explore. The 
chapter ends with an overview describing the major contributions of this programme of work 
to the existing literature and provides practical implications for stakeholders who act as 







3. CHAPTER 3: 






Validated assessment tools for movement competence typically involve the isolation 
and reproduction of specific movement forms. This approach arguably neglects individuals’ 
ability to combine and adapt skills to overcome various constraints within a dynamic 
environment. A new assessment tool, the General Movement Competence Assessment 
(GMCA) was developed using the Microsoft Kinect, and internal reliability and construct 
validity were examined. Movement competence of 83 children (36 boys and 47 girls), aged 8 
– 10 years old (9.1 ± 0.8 years) was measured using the GMCA. Cronbach’s alpha was 
calculated to assess internal reliability. Exploratory factor analysis was conducted using 
principal component analysis. Across all the performance variables measured, internal 
reliability was good (α = 0.5 – 0.9). Therefore indicating that combinations of movement 
attributes were measured by each of the five GMCA games. Factorial analysis extracted four 
movement constructs, accounting for 69.4% of the variance. Dexterity was identified as a new 
independent construct alongside currently accepted movement constructs (i.e., locomotion, 
object-control, stability). Whilst further development of the GMCA is still required, initial 
results are encouraging in view of developing an objective and theoretically informed approach 
to assess general movement competence in children.  
 
Keywords: MOTOR DEVELOPMENT, PSYCHOMOTOR PERFORMANCE, 





Physical inactivity represents one of the biggest threats to public health in the 21st century 
(Blair, 2009; Foster, Shilton, Westerman, Varney, & Bull, 2018). In many countries, 
governments are making strategic investments in monitoring and improving engagement in 
life-long physical activity of its populace due to its associated health benefits. Indeed, empirical 
evidence suggests that children who move competently in the early years of life are more 
engaged in physical activity and more likely to remain physically active into adulthood (Logan 
et al., 2015b; Stodden et al., 2008). A particularly important period for motor development 
would appear to be between 5 – 12 years of age when children are typically sampling a wide 
range of different movement activities while also experiencing significant maturational 
changes (MacNamara, Collins, & Giblin, 2015). Hence, finding appropriate ways to assess and 
monitor movement competence of school-aged children remains an important scientific 
challenge now and in the future (Clark et al., 2018; Giblin et al., 2014; Scheuer et al., 2019). 
Advances in low-cost motion-sensing technologies may offer cost-effective, viable benefits to 
some of the constraints associated with current movement assessments. 
To understand how movement competence can be assessed, there is a need first to 
consider the processes underpinning how movements2 emerge. A theoretically-grounded 
schematic model (see Figure 3.1) is proposed that illustrates the process of how movements 
are combined, adapted and refined in response to constraints. Movement attributes are key 
(basic) features of motor control, such as posture and coordination of limbs, which are typically 
                                                 
2 When describing movement, “skill” has generally been used to describe a nested group of movements. 
Arguably the historic use of the word “skill” invokes an implicit assumption that blocks of fundamental 
movement skills must first be attained and stored by the learner before a movement response can occur (Araújo 
& Davids, 2011). The theoretical lens adopted in this thesis stemming from the ecological dynamical approach 
suggests that movement responses are not stored but emergent phenomena in response to constraints. Hence, a 
skill or block of skills is not fundamental for achieving outcome goals. Thus, we prefer the use of the term 
movement “types” (rather than “skills”) which has a neutral tone and is arguably more inclusive of the different 




nested and required concurrently (Glazier & Davids, 2009; Turvey, 1990). Combining 
movement attributes creates generic movement types which are adapted and scaled to satisfy 
task goals (Bernstein, 1967; Kugler et al., 1980; McClenaghan & Gallahue, 1978; Newell, 
1986). Specific movement attributes, therefore, exist in a variety of different movement types 
(e.g., the attribute of postural control is represented in virtually all movement types). 
Consequently, variable movement forms emerge as movement types are adapted and refined in 
response to task, individual and environmental constraints under the influence of the 
perceptual-motor calibration of individuals (Chow et al., 2007a; Croft et al., 2018; Fajen, Riley, 
& Turvey, 2009; van Andel et al., 2017).  
 
Figure 3.1. Schematic model of movement emerging under constraints. 
 
For this research programme, movement competence is operationally defined as an 
individual’s ability to combine, adapt and refine various movement attributes to produce 
effective and efficient movement solutions (Davids et al., 2006b; Gulbin, Weissensteiner, 
Oldenziel, & Gagné, 2013). Movement competence exists across a spectrum that is dependent 
upon individuals’ prior experience and functional adaptability (Clark & Metcalfe, 2002; Davids 
et al., 2006b). Competent movers are not only proficient in producing effective movement 

























et al., 2013). Less competent movers may struggle to produce effective movement solutions 
and/or may not adapt them well (Croft et al., 2018; Ng & Button, 2018).  
One commonly accepted way to measure movement competence is via movement 
assessment batteries, which were initially designed as clinical tools to identify children with 
movement delays (Scheuer et al., 2019). In recent times, movement assessment batteries have 
increasingly been used or adapted in different settings (i.e., sports and education) to assess 
movement competence of typically-developing children (i.e., Karabourniotis, Evaggelinou, 
Tzetzis, & Kourtessis, 2002; Cohen, Morgan, Plotnikoff, Callister, & Lubans, 2015; Clark et 
al., 2018). Concerns have been raised that such diagnostic tools are not suited for large 
population-based samples of children due to incongruent results or lack of sensitivity at 
detecting children with advanced levels of movement competence (see Chapter 1) (Cools et al., 
2009; Giblin et al., 2014; Lander, Morgan, Salmon, Logan, & Barnett, 2017b). Furthermore, 
recent manifestations of movement assessment batteries developed specifically for use in 
physical education lessons show few substantive differences from their clinical counterparts 
(Barnett et al., 2016a; Chen, Hammond-Bennett, & Hypnar, 2017; Lander et al., 2017b).  
In recent years, considerable efforts have been made to create objective movement 
assessments for the general cohort, for example amongst others, the CAMSA (Longmuir et al., 
2017) and Victorian FMS assessment (DoE Victoria, 1996). It remains vital to ensure that new 
movement assessments instruments are grounded in contemporary perspectives of motor 
development, such as ecological dynamics. In particular, from an ecological dynamics 
perspective, movement forms are temporary solutions created to satisfy unique configurations 
of constraints. Importantly, there are no perfect or universal forms for any particular movement 
(see Chapter 2) (Glazier & Davids, 2009; Larsson & Quennerstedt, 2012; Newman & Newman, 
2010; Seifert et al., 2013). However, a limitation of both the CAMSA (Longmuir et al., 2017) 
and  Victorian FMS Assessment (DoE Victoria, 1996) is that they include measurements of 
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movement quality (movement skill performances are compared against an “ideal” pattern) in 
the formulation of the assessment result. Specifically, the types of movements assessed and 
criterion-referencing of the CAMSA (Longmuir et al., 2017) is based upon that of the Test of 
Gross Motor Development-2 (TGMD-2; Ulrich, 2000)  while the Victorian FMS Assessment 
(DoE Victoria, 1996) compares movement against specified standards.  
The ecological dynamics perspective reminds us that movements are self-organised 
based upon various constraints (i.e., organismic, task and environment) and how affordances 
for action are perceived by individuals. Importantly, individuals recognise affordances (or 
opportunities to act) within their environment based upon their physical characteristics and 
action-capabilities. In contrast, the tasks presented by many movement assessment batteries 
represent somewhat context-less and discrete cases of movement reproduction, in which the 
detection of affordances is (at least) downplayed (Button, 2016; Stodden et al., 2008). Hence, 
movement assessment batteries are unlikely to capture an individuals’ ability to recognise and 
act upon affordances which notably, is a crucial element of movement competence (Croft et 
al., 2018; Fajen et al., 2009; Orth et al., 2016).  
Evolving motion-tracking technology has prompted researchers and physical educators 
to reconsider how to assess and promote human movement (Choppin & Wheat, 2013; Clark et 
al., 2015; Grimpampi, Masci, Pesce, & Vannozzi, 2016; Page, Barrington, Edwards, & Barnett, 
2017). One such example is the Microsoft Kinect system which has been promoted as a valid 
and reliable platform for tracking and assessing movement (Clark et al., 2015; Sabel et al., 
2016; van Diest et al., 2014). Originally designed for the active video gaming market, such 
systems are now being explored as tools to improve functional movement screening for clinical 
purposes (Chang et al., 2013; Li et al., 2018). 
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To my knowledge, at this time, there are no published studies that assess general 
movement competence through the use of commercially available motion-tracking devices. 
Thus, for this study, the GMCA was developed using the Microsoft Kinect to assess the 
movement competence of children. The Kinect Windows Software Development kit was used 
to: 
1) build a simple biomechanical model of the performer (15 joint segments);  
2) design different dynamic movement tasks (or games) that would putatively assess 
movement competence, and;  
3) customise the games to be able to accommodate some individual differences (e.g., 
height and limb lengths).  
 
The GMCA consists of five assessment tasks (also referred to as games), each designed 
to measure combinations of targeted movement attributes (see Table 3.1). As it was not 
possible in advance to be certain of which measured variables from the GMCA would best 
characterise the targeted movement attributes for assessment, each measured variable was 
initially termed a candidate variable. The first objective of this study was to test the internal 
reliability of candidate variables for each GMCA game. A second objective was to examine 








Table 3.1. Detailed descriptions of GMCA games. 
GMCA games Primary targeted 
movement attributes 
Stages Description of stages 
(Stages increase in difficulty) 









Stage 1 Move one hand (randomised for either right or 
left hand) into a target zone and hold them 
within a target zone for 3 seconds. Next target 
zone appears after a successfully held pose. 
20 seconds Balance_Two_Legs: Total number of successful 
poses for two-leg balances (Stage 1 and 2). 
Balance_One_Leg: Total number of successful 
poses for one-leg balances (Stage 3 and 4). 
 Stage 2  Move two hands into randomised target zones 
and hold the pose for 3 seconds before next 
target zones appear.  
20 seconds 
Stage 3  Move one leg (randomised for either right or left 
leg) into the target zone and hold the pose for 3 
seconds. Next target zone appears after 
successfully held pose. 
20 seconds 
Stage 4  Move two hands and one leg (randomised for 
either right or left leg) into target zones and hold 













maps 1 – 3) 
Control an avatar (a car) unimanually (right 
hand) and lead it through a designated path. If 
the avatar is led off the path, it is reset to the 
initial starting position on the screen. 3 different 
paths are presented with increasing difficulty. 
1 minute per 
path 
Precision_Unimanual: Total number of paths 
successful completed in stage 1. 
Precision_Bilateral: Total number of paths 
successful completed in stage 2. 
Precision_Bimanual: Total number of paths 




maps 4 – 6) 
Same as above but with the left hand. 3 different 
paths with increasing difficulty presented. 




maps 7 – 8) 
Control two avatars bimanually (using both 
hands independently) and lead them through a 
pair of symmetrical paths (mirrored paths; one 
for each hand). 




maps 9  – 10) 
Same as above but paths presented are not 
bimanually asymmetrical (paths for each hand 
go in different directions and are not mirrored). 








Stage 1 Control a virtual ball that drops from the top of 
the screen and manipulates it by bouncing the 
ball between both hands for as long as possible. 
When a ball is lost, a new ball drops again. 
15 seconds Control_Balls_left_Stage 1: Number of balls 
left in stage 1 (more is better). 
Control_Balls_left_Stage 2: Number of balls 
left in stage 2 (more is better). 
Control_Balloons_Popped: Total number of 




Stage 2  On top of maintaining control of the virtual ball, 
manipulate it towards balloon to pop it. After a 
balloon is popped, another balloon appears in 






Stage 1 Starting from the centre of the game area, move 
to designated floor targets that are visually 
represented via the virtual environment that is 
projected on the screen. A pre-set course 
requiring only forward, backward and lateral 
movements. 
1 minute Swiftness_Stage_1: Time taken in stage 1. 
Swiftness_Stage_2: Time taken in stage 2. 
 
Stage 2  Same as above but with additional diagonal 
movements required (e.g., moving from bottom-









Stage 1 Intercept static and dynamic virtual objects 
(asteroids). The stage begins with static asteroids 
(for 15 seconds) then increases in difficulty with 
asteroids moving at random speeds. 
30 seconds Interception_Asteroids_Hit: Total number of 
asteroids hit. 
Interception_Spaceships_Saved: Total number 
of spaceships “rescued”. 
Interception_Spaceships_rescued: Total number 
of spaceships that are not destroyed. 
 
 
Stage 2  Same as above with additional complexity. On 
top of intercepting asteroids, spaceships need to 
be rescued by positioning a hand over a 









A convenience sampling method was used to recruit participants. A total of 83 primary 
school children (36 boys and 47 girls), aged 8-10 years (M age = 9.06, SD = 0.75) volunteered 
to participate having received an invitation advertised through school newsletters. Participants 
had no medical history of any learning disability, developmental delays or physical disabilities. 
Written informed consent was obtained from participants and their parents or caregivers. The 
study complied with all standards for research involving children from the University of 
Otago’s Human Ethics Committee. 
 
3.3.2. Measurements 
The hardware on which GMCA operates with is the Microsoft Kinect Sensor for 
Xbox360 which is a marker-less motion-sensing device. It consists of an infrared emitter, depth 
sensor and a colour video camera recording at 30Hz with a resolution of 1920 x 1080 pixels. It 
has a viewing angle of 60° and 70° in its vertical and horizontal field of view and the 
recommended depth range is 0.5m to 4.5m from the sensor. In order to track an individuals’ 
position, infrared light is emitted by the device and reflected back to the sensor by objects in 
the field of view in relation to the specified play space. The reflected light is then converted 
into depth information measuring the distance between an object and the sensor. Without the 
need for calibration, the Kinect sensor automatically detects and tracks 15 body segments; 
based upon estimates of 25 joint centres (Microsoft, 2014). The Kinect was attached to a PC 
console (Intel i5 processor) running Microsoft Windows 10. 
The GMCA is a custom-written application developed using the Kinect for Windows 
Software Development Kit 2.0 and programmed in C++.  The GMCA consists of five games 
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(or assessment tasks), with each game containing several stages that progressively increase in 
the level of difficulty. Each stage had a maximum set duration of play. By default, the stages 
in each game transited into the next once the maximum stage duration was up. If participants 
completed stage requirements before the allocated time, the subsequent stage was presented 
accordingly. Other visual feedback available for the assessed individuals was a time bar which 
displayed the duration left for each particular stage. Auditory feedback was provided whenever 
a successful stage requirement was attained (e.g., when a balloon was popped in Control). For 
each game, multiple candidate variables (e.g., total time taken, number of successful hits, etc.) 
were computed and collected for analysis (refer to Table 3.1 for a detailed list of computed 
outcome variables).  
 
3.3.3. Equipment and Test Layout 
Standing height and weight of participants was measured with a portable stadiometer 
and a digital scale (UC-321, A & D Company Limited). The GMCA games were displayed on 
a Sony KDL-40EX400 40 inch 1080 pixels HDTV that rested upon a console 0.6 m from the 
ground. The Kinect Sensor was placed on the console directly in front of the TV. All trials were 
recorded using a 60 Hz Sony Handycam HDR-PJ260 (1920 x 1080 pixels) located behind the 
play space (test region). The boundaries of the play space measured 2.5 by 3.5 m and were 






Figure 3.2. Isometric representation of the GMCA’s layout.  
 
3.3.4. Procedure 
Participants’ anthropometric measures were taken before the familiarisation trial of the 
GMCA. The familiarisation trial consisted of individuals interacting with every stage of the 
five GMCA games. The subsequent stage was presented if individuals: 1) completed stage 
objectives; or 2) reached the maximum time limit set for the stage. The maximum duration per 
stage during familiarisation was set at one minute as pilot testing indicated that one minute 
provided adequate time for individuals to explore and familiarise with the associated task 
demands of each stage and game. The GMCA games were presented in the following order3; 
Balance, Precision, Control, Swiftness and Interception (see Table 3.1 for detailed descriptions 
                                                 
3 The order of GMCA games are programmed. However, the order of games are not deemed important for effective 





of the games). Including familiarisation, test duration of the GMCA took approximately 12 
minutes per child. 
 
3.3.5. Data Analysis 
Performance variables from each game were analysed using the Statistical Package for 
the Social Sciences (SPSS) version 23 with statistical significance set at p ≤ 0.05. Descriptive 
statistics, including the mean and standard deviation of GMCA candidate variables were 
calculated. Data were assessed for normalised distribution with acceptable levels of skewness 
and kurtosis determined by Standard Error (SE) of ±2.0.  
 
3.3.5.1. Internal reliability 
The first objective was to test the internal reliability of the candidate variables for each 
GMCA game. Cronbach’s alpha (α; Cronbach, 1951) was calculated to verify the degree of 
homogeneity of measured variables from each GMCA game. As each GMCA game was 
designed to measure a combination of targeted movement attributes, a smaller α-value would 
indicate that the group of candidate variables measured more than one targeted movement 
attribute. A higher α-value indicated that the candidate variables were related to each other and 
thus, measured a single targeted movement attribute more strongly comparatively. Candidate 
variables were dropped if the α-value increased drastically upon deletion from the model as it 
suggests that the variable to be dropped was measuring a distinctly different attribute compared 





3.3.5.2. Construct validity 
The second objective of the study was to validate the measured constructs of the 
GMCA. Construct identification validity relates to the degree to which underlying traits of a 
test can be identified (Cronbach & Meehl, 1955). Exploratory factorial analysis was conducted 
using principal component analysis with varimax rotation. The varimax rotation seeks to 
maximise the variance of each extracted construct. Each extracted factor represents a putative 
construct of movement competence measured by GMCA. Suitability of the dataset for factor 
analysis was accepted when Kaiser-Meyer-Olkin (KMO) values were > 0.6 (Kaiser & Rice, 
1974) and when Bartlett’s test of sphericity was significant (p < 0.05). Costello and Osbourne 
(2005) report that most factor analyses are conducted with subject-variable ratio (i.e., study 
subjects to measured variables) of 10:1. With 83 participants in the present study, ideally, there 
would be eight candidate variables specified for factorial analysis.  
The Kaiser-Guttman criterion (Guttman, 1954) of extracting factors with eigenvalues 
> 1 was used for factor extraction. The eigenvalues generated represent the variances of the 
extracted factors. Candidate variables with communality < 0.4 were excluded from subsequent 
analyses to increase general pattern accuracy as it suggests that the particular candidate variable 
may not be related to the other variables or that an additional construct should be explored 
(Costello & Osborne, 2005; Hogarty, Hines, Kromrey, Ferron, & Mumford, 2005). If any 
exclusions were made, exploratory factor analysis was conducted again. 
 
3.4. Results 
3.4.1. Internal Reliability of GMCA Variables 
All candidate variables were normally distributed. Cronbach’s alpha was calculated to 
verify the internal consistency of candidate variables from each game (see Table 3.1). Results 
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of the internal reliability checks revealed α-values of 0.5 – 0.9, thus confirming that the games 
were typically measuring more than one particular movement attribute. Internal reliability 
checks were run twice for the variables of Control and Interception as the combination or 
exclusion of candidate variables resulted in an increased α-value (see Table 3.2). Accordingly, 
eleven GMCA variables were identified for factorial analysis. The ratio of the number of 
subjects to a number of variables included for analysis were 83:11 resulting in a subject-
variable ratio of 7.5:1 which was slightly under the 10:1 ratio as recommended by Costello and 
Osbourne (2005). 
 
Table 3.2. Internal reliability coefficients (Cronbach's α-value) of GMCA games. 
GMCA Game Candidate Variables  Cronbach Alpha (α) 
1st Round    
Balance Balance_One_Leg 0.54a 
 Balance_Two_legs  
Precision Precision_Unimanual 0.46a 
 Precision_Bilateral  
 Precision_Bimanual  
Swiftness Swiftness_Stage_1 0.58a 
 Swiftness_Stage_2  
Control Balls_Left_Stage_1 0.39 
 Balls_Left_Stage_2  
 Control_Balloons_Popped  
Interception Interception_Asteriods_Hit 0.12 
 Interception_Spaceships_Saved  
 Interception_Spaceships_Lost  
2nd Round   
Control Control_Balls_Left (Stage 1 and 2 
combined) 
0.52* (Candidate variables, Control – 
Balls_left for stage 1 and 2 combined) 
 Control_Balloons_Popped 
Interception Interception_Spaceships_Saved 0.85* (Candidate variable, 
Interception – Asteroids hit excluded)  Interception_Spaceships_Lost 
Note. a Cronbach α–values accepted and candidate variables submitted for factorial analysis. 
 
3.4.2. Construct-identification Validity 
Two rounds of exploratory factorial analysis using principal component analysis with 
varimax rotation were conducted. Factorial analysis of the extracted model identified four 
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constructs accounting for 69.4% of the variance. The candidate variable, Balance_One_leg, 
had secondary loadings on two constructs. 
 
Table 3.3. Communalities of the GMCA from exploratory factor analysis. 
GMCA Variables Communalities of 1st 
Round Factor Extraction  
Communalities of 2nd 
Round Factor Extraction 
Balance_Two_Legs 0.58 0.58 
Balance_One_Leg 0.46 0.47 
Precision_Unimanual 0.71 0.71 
Precision_Bilateral 0.58 0.57 
Precision_Bimanual 0.74 0.85 
Swiftness_Stage_1 0.74 0.76 
Swiftness_Stage_2 0.59 0.64 
Control_Balls_Left 0.65 0.58 
Control_Balloons_Poppeda 0.25 - 
Interception_Spaceships_Saved 0.88 0.90 
Interception_Spaceships_Left 0.87 0.89 
Note. a Candidate variable dropped as communality < 0.4. 
 
Each extracted factor in the analysis represented a putative construct of movement 
competence that GMCA measures. In the first round of factor analysis, all eleven variables 
were suitable for extraction (KMO = 0.64, df = 55; χ2 = 237.31; p < 0.001) which yielded 
commonalities of 0.25 – 0.88 (see Table 3.3).  
The candidate variable Control_Balloons_popped yielded the lowest commonality of 
0.25. With it being less than 0.4, it was consequently removed from the subsequent analysis to 
increase general pattern accuracy (Costello & Osborne, 2005; Hogarty et al., 2005). A second 
round of factor extraction was conducted next with the remaining ten candidate variables. Thus 
increasing the subject-variable ratio to 8.3:1. Suitability of variables for factorial analysis were 
tested and assumptions were met (KMO = 0.64, df = 45; χ2 = 224.23; p < 0.001). The factorial 
analysis with varimax rotation yielded commonalities of 0.47 – 0.90 and extracted four 
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constructs (eigenvalues > 1) accounting for 69.4% of variance (see Table 3.4). Again, the 
candidate variable, Balance_One_leg, had secondary loadings on the first extracted construct. 
 
Table 3.4. Extracted factorial structure of the GMCA. 
GMCA Variables Construct 1 – 
Stability 
Construct 2 – 
Dexterity 
Construct 3 – 
Locomotion 
Construct 4 – 
Object-control 
Precision_Unimanual 0.83    
Balance_Two_Legs 0.72    
Precision_Bilateral  0.70    
Interception_Spaceships_Saved  0.95   
Interception_Spaceships_Left   0.93   
Swiftness_Stage_1   0.86  
Swiftness_Stage_2   0.78  
Balance_One_Leg 0.40  -0.55  
Precision_Bimanual    0.92 
Control_Balls_Left    0.59 
Eigenvalues 2.05 1.86 1.77 1.27 
% of Variance 20.50 18.58 17.69 12.66 
Cumulative % 20.50 39.08 56.76 69.42 
Note. Each extracted construct constitutes of only variables with factor loading ≥ 0.4. 
 
3.5. Discussion 
In this exploratory study, the GMCA was developed using the Microsoft Kinect system, 
and aspects of reliability and validity examined. Exploratory factor analysis extracted four 
movement constructs, one more on top of the three widely accepted constructs (i.e., 
locomotion, object-control and stability) that define movement competence (see Section 1.2). 
The internal reliability checks indicated that the GMCA games measured a combination of 
targeted movement attributes.  
 
3.5.1. Internal Reliability of the GMCA Games 
Each game of the GMCA was designed to measure multiple targeted movement 
attributes. Results revealed α-values ranging from 0.5 – 0.9, thus, confirming that combinations 
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of movement attributes were indeed being measured by the GMCA games. This is an important 
finding as the operational definition of movement competence assumes that competent movers 
combine various movement attributes into functional types that are subsequently adapted into 
effective forms to find specific movement solutions (Davids, Araújo, Hristovski, Passos, & 
Chow, 2012; Davids et al., 2008; Thornton, Lay, Rosenberg, Granich, & Braham, 2014). 
Internal reliability for Interception revealed a higher α-value (0.85) compared to the 
other games, thus indicating that one movement attribute required by this game featured more 
prominently than others. Interception required the positioning of one hand over randomly 
positioned static targets to “save” spaceships, and while doing so, the other hand was used to 
“intercept” moving asteroids that were going to potentially “destroy” the spaceships. Hence, to 
perform well in the game, participants had to identify suitable targets and position themselves 
in the play-space relative to both the spaceships and asteroids appropriately. Then, move both 
hands independently to achieve the outcome goal. In contrast to the other GMCA games, 
performing well in Interception meant that participants had to be able to control both sides of 
their body independently. Therefore, it was inferred that bilateral coordination was a prominent 
and somewhat unique movement attribute measured (relative to the four other games).   
 
3.5.2. Construct Validity of the GMCA 
Results of the factorial analysis yielded the identification of four constructs. Based on 
the design of the different GMCA games, the four constructs were defined as 1) stability, 2) 
dexterity), 3) locomotion, and 4) object-control. Overall, results from the factorial analysis 
emphasised that competence in movement coordination was necessary to perform well in the 
GMCA. The findings from the present study further highlight the multidimensional nature of 
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the movement competence model and the interdependence between constructs of movement 
competence (Bril & Brenière, 1993; Davids et al., 2000; Rudd et al., 2016). 
 
3.5.2.1. Extracted Construct 1 – Stability  
The first extracted construct accounted for 20.5% of the total variance. It was termed 
“stability” as the common movement attribute existing amongst the candidate variables 
identified in the construct was postural control (the movement attributed characterised in the 
GMCA games of Precision and Balance). The construct is clearly defined by candidate 
variables that measure an individual’s capacity to maintain stability. Results support previous 
studies highlighting the influence and importance of stability on other movement constructs 
(Davids et al., 2000). As an extracted construct from the exploratory analysis, it substantiates 
past studies recommending that stability should be an independent construct represented in 
models of movement competence (Luz et al., 2016; Rudd et al., 2016). Notably, a potential 
limitation of some movement assessment batteries is that stability competence is not assessed 
despite the emphasis placed on its importance in motor developmental, especially during the 
period of early childhood (Shumway-Cook & Woollacott, 1985). Therefore, assessments that 
describe movement competence without the inclusion of tasks assessing stability competence 
may not holistically represent general movement competence (Cools et al., 2009; Rudd et al., 
2015). 
 
3.5.2.2. Extracted Construct 2 – Dexterity  
The second construct was labelled “dexterity”. It consisted solely of candidate variables 
from Interception and explained 18.6% of the variance. Together with the high α-value (0.85) 
from the internal reliability analysis, it supports the identification of dexterity as a coherent 
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construct. The definition of movement competence in the literature is still quite fluid and recent 
studies have called for additional constructs to be considered to provide a more holistic 
description of movement competence (Kambas & Venetsanou, 2014; Logan et al., 2018; Luz 
et al., 2016; Rudd et al., 2016; Swinnen & Wenderoth, 2004).  
In earlier sections of this chapter, a working definition of movement competence was 
proposed to operationalise its use. With the working definition of movement competence, the 
inclusion of an additional construct, dexterity in the model of movement competence, may 
better distinguish between individuals residing at either end of the movement competence 
spectrum. To some extent, the assessment of dexterity is arguably inherent to several existing 
movement assessment batteries through the inclusion of specific bimanual dexterous tasks. For 
example, the Movement Assessment Battery for Children; MABC (Henderson et al., 2007) 
includes the assessment of dexterity through pegboard tasks. However, dexterity does not exist 
as an independent construct. In another example, although bilateral assessment tasks are 
included in the Bruininks-Oseretsky Test of Motor Proficiency (BOTMP; Brunicks & 
Oseretsky, 1978) validation studies did not identify the bilateral coordination tasks (which I 
posit as analogous to dexterity) as an independent construct. Instead, the bilateral coordination 
assessment tasks were classified under the “gross motor skill” construct.  
At present, dexterity, as an independent construct of movement competence has yet to 
be identified in validation studies of other existing movement assessment batteries. This is 
somewhat surprising since dexterity has an important influence on many tasks that involve 
tool-use (Bril et al., 2010). Furthermore, dexterity is essential for several self-care tasks (such 
as dressing) and may be particularly challenging for children who have a visual impairment 




3.5.2.3. Extracted Construct 3 – Locomotion 
The third construct explained 17.7% of the variance. This construct was labelled as 
“locomotion” as it comprised of candidate variables from Swiftness. To be successful in the 
game, individuals needed to position and reposition themselves into designated target zones as 
presented within the Kinect play-space in the quickest time possible. From a motor control 
perspective, based upon individual differences, individuals had to assemble functional 
locomotor movement types (e.g., running, hopping, jumping) to meet task demands.  
Candidate variables included in this construct had secondary loadings in another 
construct (i.e., stability). This finding supports the claims of Bril and Brenière (1993) who 
proposed that competence in stability and locomotion are closely related. Furthermore, they 
suggested that competence in locomotion is only possible with some stability control. One may 
argue that movement attributes measured in Swiftness are influenced by fitness levels and that 
the game is therefore not directly indicative of locomotor competence. However, Žuvela and 
colleagues (2011) suggest that the presence of fitness components such as agility and explosive 
strength cannot be disassociated. Furthermore, they are also present in movement types such 
as the slide and leap, which are assessment tasks used to measure locomotor competence in 
movement assessments such as the TGMD-2 (Ulrich, 2000). Therefore, from the perspective 
of assessing general movement competence, fitness components (i.e., power, endurance, etc.) 
should be controlled, but cannot be removed entirely from a locomotor assessment task. 
 
3.5.2.4. Extracted Construct 4 – Object-control 
The fourth construct, labelled as object-control, accounted for 12.7% of the variance 
and comprised of the variables from Precision and Control. In both games, virtual objects are 
controlled (i.e., car/s along a track in for Precision and virtual balls juggled in Control). Sun 
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and colleagues (2010) suggest that the manipulation of objects (real or virtual) requires the 
integration of motor coordination with visual information while Fajen and colleagues (2009) 
suggest that skilled individuals often perform at the limits of their action-capabilities. Thus, 
competence in movement would be a reflection of an accurate perceptual-motor calibration; a 
match between an individual’s ability to act within the scope of their action-capabilities in 
relation to what is afforded by the environment (Croft et al., 2018; Fajen et al., 2011; van Andel 
et al., 2017).  
With many object manipulation tasks typically involving bimanual coordination of the 
upper limbs (e.g., throwing, striking, catching, etc.), extraction of object-control as a construct 
from the factorial analysis was somewhat predictable. Importantly, there are significant age-
related changes in children’s bimanual coordination competence (Barral, Debû, & Rival, 2006; 
Mason et al., 2013) and optimal functioning may not be attained until around 12 years of age 
(Olivier, Hay, Bard, & Fleury, 2007; Schneiberg, Sveistrup, McFadyen, McKinley, & Levin, 
2002); further highlighting its importance in describing movement competence. Movement 
involving object manipulation is a complex motor process (Bril et al., 2010) and is coherent as 
an extracted construct.  Thus, its inclusion as a construct in movement assessment batteries is 
crucial for a representative description of movement competence.  
It may be argued that the candidate variables appearing in constructs two (i.e., dexterity) 
and four (i.e., object-control) are outcome measures of GMCA tasks that both require dexterous 
movement. However, there were subtle differences between the task demands of the GMCA 
games in which the candidate variables reside in. The emergent combination of movement 
attributes required by each of the games (i.e., Interception, Precision and Control) are different. 
In comparison to Interception (construct two), Precision and Control (construct four) require 
individuals to move the upper limbs concurrently (either symmetrically or asymmetrically) to 
achieve outcome goals. Moreover, the GMCA games captured by construct four requires force 
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production for manipulation (i.e., Control), and to use hands simultaneously to manipulate an 
avatar through a specified pathway (i.e., Precision bimanual). Therefore, it is believed that the 
candidate variables in constructs two and four were extracted separately based on the subtle 
differences in inter- and intra-limb coordination demands as presented by the GMCA.  
 
3.5.3. Limitations and Future Directions 
As a potential assessment tool, the GMCA presents itself as an interactive movement 
skill assessment via an active video game platform. This is a promising finding as active video 
games have been shown to promote physical activity and skills (Jelsma et al., 2013; Page et al., 
2017; Vernadakis et al., 2015). Notably, utilising the Microsoft Kinect may help ease some 
logistical barriers such as the need for specialised assessor training. Also, the test duration of 
the GMCA was approximately 12 minutes, which is relatively short compared to other 
validated movement assessment batteries (Cools et al., 2009).  
Potential benefits aside, the current version of the GMCA tool used in the present study 
is not without limitations. First, the advanced levels of Precision were rarely completed 
successfully. Results showed that movement times increased with task complexity with faster 
movement times in unimanual compared to bimanual task conditions. Hence, an increased 
allocation of stage duration for the advanced bimanual stages may be required to allow better 
sensitivity in distinguishing between higher competence levels. Another concern is the extent 
to which a child’s fitness ability influences their performance, especially for the task 
requirements of Swiftness. While measured movement attributes of Swiftness may have 
associations to fitness components (i.e., agility, force control for acceleration and deceleration), 
one cannot dismiss the fact that these movement attributes are also demanded when individuals 
engage in locomotor tasks involving directional changes (a representative requirement of 
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locomotion in everyday life). Thus, it would not be possible to definitively exclude fitness 
components in movement assessment task due to the complex nature of movement and the 
interdependence between constructs (Clark & Metcalfe, 2002; Davids et al., 2000). 
The movements demanded by the GMCA based upon the customised AVGs were 
purposefully designed to be inclusive of generic movements that do not have clear associations 
with sport-related movements that may predispose individuals to a bias based upon factors such 
as culture and sex (see Section 1.3). Importantly, the use of AVGs has shown to improve 
perceived movement competence levels which indirectly motivates and facilitates children’s 
adherence to increasing physical activity (Edwards, Jeffrey, May, Rinehart, & Barnett, 2017; 
Page et al., 2017). The use of AVGs as a viable teaching aid for movement development have 
also been recommended by others (Arajuo, Batista, & Moura, 2017; Giblin, Collins, Button, & 
MacNamara, 2017; Koekoek, van der Mars, van der Kamp, Walinga, & van Hilvoorde, 2018; 
Price, Collins, Stoszkowski, & Pill, 2017). While Barnett et al. (2015) questioned the efficacy 
of AVGs in developing movement competence, Thornton and colleagues (2014) found instead, 
that engagement in AVGs allowed children to employ a variety of movements during 
gameplay. This encouraged individuals’ to display adaptations of movements that were 
employed to suit task outcome goals, thus benefitting the development of movement 
competence. 
Considering the various benefits of active video games, the GMCA offers an alternative 
and novel approach to the assessment of movement competence that may be used in 
combination with present assessment batteries. Future research should investigate the 
discriminative validity of the tool across sex and age groups as well as explore the potential 
floor and ceiling effects in the different games. Further examination of the GMCA’s sensitivity 





The GMCA is a new assessment tool in development that putatively assesses general 
movement competence in children through their interaction within a 3D space (i.e., play area) 
with AVG tasks presented via a 2D projection (i.e., GMCA projections on TV screen).  Internal 
reliability checks were good, and a new construct of movement competence, dexterity, was 
extracted from exploratory factor analysis. As the first validation study of the GMCA, the 
initial results suggest that the GMCA measures movement competence via four constructs (i.e., 
dexterity, locomotion, stability and object-control). Finally, results from the present study 
highlight that video game technology offers promise in providing an objective and labour 




4. CHAPTER 4: 
Construct Validation, Age Associations 





The General Movement Competence Assessment (GMCA) was developed using the 
Microsoft Kinect. A previous exploratory study investigating the construct validity of the tool 
indicated dexterity as a potential new construct. In the present study, confirmatory factor 
analysis was conducted, and correlations between performance and age were investigated. The 
movement competence of 253 children (135 boys and 118 girls), aged 7 – 12 years old (9.9 ± 
1.6 years) was measured using the GMCA. Confirmatory factor analysis with maximum 
likelihood and correlational analysis was undertaken. Results from the confirmatory factor analysis 
indicated that the four-construct model of the GMCA was a good fit (CFI 0.98; TLI 0.98; 
RMSEA 0.05). Performance in various GMCA games significantly correlated with increasing 
age. Results examining sex variation in performance revealed significant differences with small 
effects sizes for particular variables of tasks associated with the constructs of balance (t(116.44) 
= 3.03, p = 0.003), object-control (t(257) = 3.51, p = 0.001), and locomotion (t(257) = -2.84, p 
= 0.005). Collectively, results do not present strong evidence of a performance difference 
between boys and girls. Results from this study confirm that the GMCA measures movement 
competence across four constructs. Trends of performances in the GMCA games support 
empirical evidence that movement competence improves as children age. Future work should 
consider the sensitivity of the GMCA in detecting developmental changes over time.  
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Early development of movement skills is necessary to ensure children are proficient in their 
movement, which has been suggested to be crucial for physical activity adherence (Lloyd, 
Saunders, Bremer, & Tremblay, 2014; Lopes, Rodrigues, Maia, & Malina, 2011). Compared 
to past generations, children of the 21st century have decreased levels of movement competence 
(Hardy et al., 2013; Tester et al., 2014). At the same time, there are reports of increasing levels 
of sedentary behaviour with physical inactivity in children beginning even before adolescent 
age (Farooq et al., 2018; Hallal et al., 2012). In general, children are spending more time 
indoors and during their free time are playing more video games (Sween et al., 2014).  
Due to their mass appeal, video games have garnered much interest in the scientific 
community in the last decade as an alternative approach to get children more physically active. 
The novel presentation and engaging digital graphics of video games have been purported to 
increase engagement, enjoyment and motivation (Hulteen, Johnson, Ridgers, Mellecker, & 
Barnett, 2015; Jelsma et al., 2013; Lorenz, Gleich, Gallinat, & Kühn, 2015; Smits-Engelsman, 
Jelsma, & Ferguson, 2017). Moreover, the use of video games fosters positive learning that 
transfers beyond the skill acquisition period (Green & Bavelier, 2012). 
 
4.2.1. Active Video Games  
Today, there are specific games designed with a focus on increasing physical activity 
in individuals; they are known as Active Video Games (AVGs). AVGs, also known as 
exergames, are video games in which individuals physically engage with the game’s digital 
display through the use of motion-sensing devices that detect an individual’s physical 
movements. In their systematic review, Barnett and colleagues (2011) reported that AVG use 
was able to elicit energy expenditure levels that met physical activity guidelines. Another 
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systematic review conducted by Sween and colleagues (2014) also concluded that the use of 
AVGs by children had the potential for improving physical activity levels. Their results have 
since been substantiated in other studies indicating that AVGs can increase physical activity, 
energy expenditure and other associated health indicators in children (Flynn et al., 2018; 
Gomez, Bagley, Bolter, Kern, & Lee, 2018; Staiano et al., 2018; Sween et al., 2014).  
Notably, the type of AVG used greatly influences energy expenditure which is directly 
dependent upon the exercise intensities of the associated tasks within the AVG (Barnett et al., 
2011). Compared to AVGs that utilise only upper or lower body movements, AVGs that use 
whole-body movements result in increased energy expenditure due to the higher exercise 
intensities that are demanded by the AVG (Gomez et al., 2018; Peng et al., 2012; Sween et al., 
2014). However, in their comparisons of AVGs and traditional hand-held games, Gribbon and 
colleagues (2015), cautioned that although the usage of AVGs resulted in initial increased 
energy expenditure, its effects diminished after 24 hours.  
 
4.2.2. AVGs to Develop Movement Skills 
A child’s competence in movement skills is a known predictor of physical activity 
(Barnett et al., 2016a; Logan et al., 2014a). Empirical evidence suggests that children with 
better movement competence are more likely to stay engaged in physical activity throughout 
their lives (Logan, Kipling Webster, Getchell, Pfeiffer, & Robinson, 2015a; Lubans et al., 
2010; Stodden et al., 2008). Other than increasing physical activity levels, empirical evidence 
also suggests that AVGs can develop movement competence in children (Fu, Burns, 
Constantino, & Zhang, 2018; Hulteen et al., 2015). Notably, in comparison to free-play 
activities, Fu and colleagues (2018) found that children who used AVGs had higher levels of 
movement competence. Specific to sport-related object-control skill, Hulteen and colleagues 
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(2015) found that although specific sport-related object-control movements (i.e., striking 
movement types) were not executed all the time correctly when playing an AVG version of a 
particular sport, the sport-related skills were still accurately demonstrated when participants 
performed them in a static, closed-skill striking assessment. Hulteen et al. (2015) concluded 
that AVGs, specifically those utilising the Microsoft Kinect could help develop children’s 
object-control skills. In contrast, some studies have reported that the use of AVGs has no 
significant effect on some aspects of movement such as object-control skills (Barnett, Ridgers, 
Reynolds, Hanna, & Salmon, 2015a; Johnson, Ridgers, Hulteen, Mellecker, & Barnett, 2016).  
 
4.2.3. AVG Systems 
When using AVGs, individuals engage in interactive movement tasks. The presentation 
of AVGs as novel game-like tasks are engaging and enjoyable (Lyons et al., 2011; Sween et 
al., 2014). Thus, using AVGs as a potential tool for movement development and assessment 
have been suggested by several researchers (Giblin et al., 2014; Guess, Razu, Jahandar, Skubic, 
& Huo, 2017; Hulteen et al., 2015).  
A popular AVG system is the Microsoft Xbox 360 which utilises the Microsoft Kinect 
sensor for motion-detection. Its second iteration, the Kinect version 2.0, consists of an infrared 
emitter, video and depth camera. It tracks movements from the reflection of emitted infrared 
rays. The video and depth camera captures three-dimensional movements and automatically 
locates and detects 25 joint centres of the human body. The updated Kinect v2.0 has improved 
hardware specifications in comparison to the previous version along with an increased depth-
sensing range, a wider field of view for the camera and higher resolution. Na and colleagues 
(2016) investigated how the placement of the Kinect sensor affected its accuracy in detecting 
limb movements. They tested nine different Kinect sensor placements, all of which differed in 
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placement height and angle of the Kinect in relation to the participant. Their results found that 
the height and angle of the Kinect sensor placement were crucial in increasing the accuracy of 
movement detection. The best-recommended location (ICC = 0.82) for the angle tilt was 45º 
in front of the participant. 
At present, studies involving the use of AVG systems such as the Microsoft Kinect have 
been focused upon its utility to monitor specific limb-joint movements (Choppin et al., 2014; 
Napoli, Glass, Ward, Tucker, & Obeid, 2017; Seo et al., 2016) and feasibility of its’ use as a 
rehabilitative tool (Camara Machado et al., 2017; Page et al., 2017). The Microsoft Kinect has 
been proven as a valid and reliable tool for use in tracking movement (Choppin et al., 2014; 
Guess et al., 2017; Napoli et al., 2017). Moreover, it has been reported as capable of tracking 
whole-body movements (Guess et al., 2017; Hulteen et al., 2015) and eliciting higher levels of 
energy expenditure (O’Donovan et al., 2012). These studies further substantiate the potential 
of AVG technology for use as a teaching aid and tool for the assessment of general movement 
competence. At present, no known studies have utilised marker-less, motion-sensing video 
game technology to assess movement competence of children. 
 
4.2.4. AVGs for Assessing Movement 
Monitoring levels of movement competence are crucial not only to ensure appropriate 
development of general movement skills but also for practitioners to identify children who may 
require intervention or to assess an individual’s suitability for talent development/management 
programmes (Cools et al., 2009; Scheuer et al., 2019). Currently, many movement skill 
assessments include assessment tasks that consist of tasks that are static and decontextualised 
(Cools et al., 2009; Ng & Button, 2018; Seifert et al., 2013). The decontextualised isolation of 
these skills from the real-world context result in assessment tasks that are overly-simplistic 
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(Stodden et al., 2008). Arguably, the closed assessment tasks artificially represent affordances 
of the environment but also do not allow children opportunity to demonstrate their ability to 
react and respond to changing constraints which are more representative of how movements 
emerge in reality.  
Programmable video game technology offers potential in the creation of dynamic 
assessment tasks in the format of AVGs. With a movement assessment presented via an AVG 
format, individuals interacting with the dynamic tasks can demonstrate their ability to 
accurately scale movement responses based upon the affordances as dictated by the changing 
task constraints of the AVG. Notably, the use of motion-sensing video game technology can 
potentially ease some logistical constraints of large space requirements for assessments and the 
need for specialised training and assessors (Cools et al., 2009; Giblin et al., 2014).  
 
4.2.5. Construct validation 
Traditional views of validity are conceptualised as tools being validated to measure 
what it is supposed to measure. However, these views are outdated (Gunnell et al., 2014; Kane, 
2013). Contemporary views of validity suggest that validation involves the continued 
interpretation of test scores derived from a specific population and context. Validity is, 
therefore, based upon a continuum and dependent upon the accumulation of new validity 
evidence (Kane, 2013; Messick, 1989).  
Validity evidence based on internal structure refers to the degree to which instrument 
items conform to the construct from which scores are interpreted (Zumbo & Chan, 2014). Since 
no one source of evidence is sufficient (Messick, 1989; Sireci, 2007), further validation studies 
of the GMCA’s extracted constructs (see Chapter 3) are necessary (Robertson et al., 2017).  
90 
 
Results from the exploratory factor analysis conducted in Study 1 (see Chapter 3) 
extracted four constructs and was able to explain 69.4% of the variance. Thus, to interpret the 
validity holistically, further accumulation of validity evidence is necessary (Zumbo & Chan, 
2014). Hence, the next progressive step specific to this programme of work would be to further 
examine the validity of the extracted constructs from the exploratory factor analysis in another 
study sample (Robertson et al., 2017). Specifically, the internal structure of the GMCA (i.e., 
the four extracted constructs) had to be further validated through confirmatory factor analysis 
for a larger cohort.  
 
4.2.6. Study Aims  
The previous chapter (see Chapter 3; study one) introduced the GMCA. The GMCA 
was developed using the technology of the Microsoft Kinect, and a series of AVGs were created 
to assess various attributes of movement. Based on the results, some modifications to the 
GMCA games were necessary and made after study one (refer to Appendix B for detailed 
descriptions of the modifications). As the GMCA is an assessment tool under development, its 
factorial structure could not be determined in advance and was explored. Exploratory factor 
analysis extracted a four-construct model. Three of the extracted constructs (i.e., locomotion, 
object-control and stability) are established and well-accepted in the literature (Gallahue & 
Ozmun, 2006). The fourth extracted construct, dexterity, had not yet been previously 
highlighted in the literature as an independent construct of movement competence.  
From an ecological dynamics perspective, a wide variety of movement experiences and 
exploration in movement contributes to the development of greater movement competence 
(Seifert et al., 2013). Thus, as a child ages, the amount of movement experiences accumulates 
and has a compounding effect. Progressively, the child becomes more competent in movement 
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(Clark & Metcalfe, 2002). In other words, movement competence is age-related but more 
importantly, dependent on exposure and engagement in varied movement experiences. Based 
on the recommendations of the previous study (see Chapter 3) to examine the potential floor 
and ceiling effects of the GMCA, the absence of a correlation between GMCA performance 
and age would serve as an initial indicator to the possible presence of either a floor or ceiling 
effect. A floor-effect is present when there is a large portion of the sample having low scores 
on a test, thus implying that a test may be too difficult for a particular cohort. In contrast, a 
ceiling effect is seen when a large portion of the sample is attaining the highest possible score 
in a test, which potentially indicates that a test is not challenging enough for the specific cohort. 
Both floor and ceiling effects are important issues to consider in the development of an 
assessment as it limits the discriminability of a test (Chambers, William, Beat, & Tukey, 1983). 
The primary aim of the present study was to confirm the construct validity of the 
GMCA for children aged 7 – 12 years old by testing the four-construct model as extracted from 
the previous study (see Chapter 3). The secondary objective was to examine correlations 
between GMCA performance and age. In addition, the GMCA performance difference between 
boys and girls were also examined. The GMCA was modified based on the results of the 
previous study. Thus, its internal reliability was analysed again before conducting the 




The sample consisted of 259 children, ranging from 7 – 12 years of age (M age = 9.97 
years, SD = 1.61). There were 138 boys (M age = 10.12 years, SD = 1.57) and 121 girls (M age 
= 9.80 years, SD = 1.64). A preliminary examination showed no significant difference in age 
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for boys and girls (p = 0.11). All children were recruited from the same participating primary 
school in Dunedin, New Zealand, through a convenience sampling method. The participating 
school is considered a rural school and had a socio-economic decile rating of 10.  
Invitations, along with study information, were distributed to all students in the school-
aged 7 – 12 years old (n = 285). Participation in the study was voluntary, and 260 students 
expressed their interest to participate. From the 260 students who expressed interest in study 
participation, one student was excluded as the child’s birthday fell during the stipulated test 
period. Thus, that student would have been overaged for the age restrictions of the study. 
Written informed consent was attained from both parents and child participants. Approval for 
the study was obtained from the Human Ethics Committee of the University of Otago. All 
identifying information of the participants were kept strictly confidential. 
Physical education (PE) is part of the primary education curriculum in New Zealand, 
with schools timetabling at least 30 minutes of PE weekly that are typically taught by generalist 
teachers. Although specialist PE teachers are not a requirement at the primary levels, specific 
to the participating school, all PE lessons were taught by a specialist PE teacher. Formal 
primary education in New Zealand begins when a child turns six years old, the government 
encourages children to enrol in primary school once they turn five years of age. Thus, the 
children involved in the study would have at least been exposed to between one to two years 
of structured school-based PE lessons.  
In the previous study (see Chapter 3), exploratory factor analysis analysed 10 variables 
with 45 degrees of freedom (df). Based on the work of MacCallum and colleagues (1996), with 
40 df, power estimates would be 0.69 for a sample of 200 and 0.87 for a sample of 300 based 
on a test of close fit (PCLOSE; detailed later in Section 4.3.5.2). With 50 df, power estimates 
would be 0.77 for a sample of 200 and 0.92 for a sample of 300 based on PCLOSE. Thus, 
93 
 
considering the df of 45 (from study one) the sample size of 259 would be suitable for the 
power estimates of the present study. Furthermore, simulation work suggests that the sample 
size for confirmatory factor analysis with maximum likelihood vary. Jak and colleagues (2014) 
classify sample sizes of n ≤ 250 as “small”. Thus, the sample of 259 in this study exceeds this 
classification. Regardless, the sample size of 259 fits the recommendations of simulation work 
from other past studies (Kim, 2005; Marsh, Balla, & McDonald, 1988; Wolf, Harrington, 
Clark, & Miller, 2013). 
   
4.3.2. The GMCA Application 
The GMCA utilises a custom-written application that works with the Microsoft Kinect 
system. The version of the Kinect sensor used was the same as the study before (refer to Section 
3.3.2 for a full list of technical specifications). The five GMCA games for the current study 
also remained the same (i.e., Balance, Precision, Control, Swiftness and Interception). 
However, minor changes were made based upon the results of study one (refer to Appendix B). 
In the updated version of the GMCA, the programmed order of games were as follows4: 
1) Precision unimanual, 2) Balance, 3) Precision symmetrical, 4) Control, 5) Swiftness, 6) 
Precision asymmetrical and 7) Interception (refer to Appendix C for screenshots of GMCA 
games and stages). Upon the start of the GMCA application, each game and stages within each 
game were programmed to run automatically. As each game transited into the next, participants 
were provided with a visual “Get ready, 3, 2, 1!” visual cue that was displayed on the screen 
as an indication to prepare for the upcoming game. All outcome variables from the GMCA 
                                                 
4 The order of GMCA games can be manually chosen if needed. The version of GMCA used in this study breaks 
up the stages of the Precision game and orders them progressively as it has the most number of stages compared 
to other GMCA games. This was also done to prevent the onset of fatigue of the arms for in the previous study, 
many children had mentioned their arms being tired from the Precision games after a while. 
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were automatically recorded by the Kinect system and saved as .dat (generic data files) files on 
the hard drive of the connected PC running the Windows 10 operating system. 
 
4.3.2.1. Calibration of the GMCA 
The GMCA assessment starts after a participant’s name was keyed into the textbox and 
the “Play full game” button was clicked. The GMCA starts with a calibration of the system to 
individual characteristics (i.e., height and limb length). At the centre of the play area, the 
participant adopted a “T-position” standing pose with their arms raised to mimic a “T”, during 
which the Kinect recorded the participant’s height data. Next, while still at the centre of the 
play area, the participant swung their arms up and down, mimicking the outline of a circle for 
the system to calibrate tracking of the arms. At the same time, the lengths of the participant’s 
arms were automatically recorded. Subsequently, the GMCA utilised the measurements to 
scale the playing parameters of each game. The last phase of calibration involved the 
participant defining the boundaries of the play space. This was done with the participant 
walking around the boundary of the play area. While doing so, the Kinect sensor tracked the 
participant’s location coordinates which were then used to register the physical dimension of 
the play area automatically.  
 
4.3.2.2. Measured Variables of GMCA games 
The GMCA assesses movement competence based upon the measured variables from 
each GMCA game. In the GMCA game Balance, a balance pose is only considered successful 
when held for at least 3 seconds. The measured variable for Balance was the total number of 
successful poses held for each of the three stages. Recorded variables for the game, Precision, 
included the time taken for completion for each of the three stages. Measured variables from 
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Control included the total number of balls used for the game and the total number of balloons 
popped. Control required individuals to juggle a virtual ball control the ball to pop a balloon 
(without losing control of the ball) that appeared at random locations on the screen. Hence, a 
proficient individual would be able to control the juggle of one ball and use that same ball for 
popping the balloons that appeared throughout the game. 
On the other hand, a less competent individual would use more balls since a ball was 
“replaced” when it was “lost” (i.e., juggled out of control). Variables from Swiftness included 
the total amount of time taken for each of the two stages. The GMCA game, Interception, 
required participants to primarily, “save” spaceships by hovering a hand over a static spaceship 
that appears at a randomised location on the screen. At the same time, a secondary task required 
participants to “intercept” stray asteroids by touching them using the other “free” hand. The 
asteroids were programmed to take random flight paths and fly at random speeds throughout 
the game. The measured variables for Interception were the number of spaceships saved and 
the number of spaceships lost (or destroyed by the stray asteroids). 
 
4.3.3. Equipment and Test Layout 
4.3.3.1. Test equipment  
Standing height and weight of participants was measured with a portable stadiometer 
and a digital scale (UC-321, A & D Company Limited). The GMCA games were displayed on 
a Sony KDL-40EX400 40 inch 1080 pixels HDTV. The TV was set upon a standing console 
0.8 m from the ground (an increase of 0.2 m compared to the height of the console used in the 
previous study). Similar to the previous study, the Kinect Sensor was placed directly in front 
of the TV facing the game area. A GoPro Hero 5 Black was used to record all trials at 120 
96 
 
frames per second and produced a video resolution of 720 pixels. The recorded videos served 
as a reference to validate trials in the event of inconsistencies.   
 
4.3.3.2. Physical test layout 
Due to constraints of the physical rooms available for testing in the participating school, 
the boundaries of the play area (or test region) had to be reduced compared to the dimensions 
used in study one (see Section 3.3.3). In the present study, the play area measured 2.05 by 2.55 
m. Distance between the Kinect sensor and play area remained the same as the previous study; 
2 m away from the front edge of the Kinect sensor to the front boundary of the play area.  Play 
area boundaries were marked out with a high contrast coloured tape on the ground. Figure 4.1 






Figure 4.1. Isometric representation of the GMCA version 2 test region set up. 
 
4.3.4. Procedure 
Participants’ anthropometric measures were recorded one week before data collection. 
The birth date and sex as provided on the participant information form (refer to Appendix A) 
were confirmed with participants during anthropometric collection and recorded accordingly. 
Age was calculated by subtracting the date of the testing date from the birth date of each child.  
A total of three test stations were set up at the participating school’s premises. The start 
and end of the GMCA application were controlled by an assessor in each room. A total of three 
stations were set up. The three assessors were the primary researcher and two research 
assistants. All were individually assigned a particular testing station throughout testing. Before 
testing, both research assistants completed 3 hours of training which included a familiarisation 
of the testing procedure and a demonstration of the GMCA. The led researcher conducted all 
training sessions. As the GMCA was programmed to run automatically, starting the GMCA 
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application did not require any specialised training, nor did it require a tester with specialised 
knowledge. 
Before each assessment trial, participants were given an introduction to the objectives 
of each GMCA game. During the introduction, no instructions were given by the assessor to 
indicate what types or forms of movement were needed to complete GMCA task outcomes 
(e.g., in Swiftness, participants were told that they had to reach target markers in the quickest 
time possible, without mentioning the words, “run, jump or leap”). Thus, participants were free 
to use their preferred movements to accomplish game (or task) requirements. After the 
introduction of the various GMCA games, participants had one familiarisation trial of the 
GMCA with all games (and stages within each game) presented. Once the familiarisation trial 
concluded, the participant engaged in the actual recorded GMCA trial once. Including 
familiarisation, the entire GMCA test duration ranged from approximately 10 – 18 minutes per 
individual. Individuals who were more competent completed GMCA trials faster; resulting in 
faster completion times for games such as Precision and Swiftness.  
 
4.3.5. Data Analysis 
Data were analysed using the Statistical Package for the Social Science (SPSS) version 
24 with statistical significance set at p ≤ 0.05. Descriptive statistics were produced and 
examined for outliers with boxplots. Normalised distributions were assessed using the Shapiro-
Wilk test (Shapiro & Wilk, 1965) with p > 0.05 being acceptable. However as the Shapiro-
Wilk test is sensitive in detecting deviations from the norm for large samples, normality of 
distribution were further determined through visual inspection of histograms, Q-Q plots, 




4.3.5.1. Internal Consistency  
As the GMCA was modified after study one (refer to Appendix B), internal reliability 
was rechecked with Cronbach’s alpha, α (Cronbach, 1951), to determine the degree of 
homogeneity of measured variables. A Cronbach α-value of more than 0.7 is acceptable 
(Nunnally, 1978). A high α-value indicates that variables are related, or in other words, had 
high internal consistency. Measured variables were excluded from further analysis if Cronbach 
α-value increased after any variable(s) was/were deleted. 
 
4.3.5.2. Confirmatory Factor Analysis  
Results of the exploratory factor analysis from the previous study, extracted four 
constructs, which grouped the observed (or measured) variables explicitly into 1) Stability, 2) 
Dexterity, 3) Locomotion and 4) Object-control. Thus, in the current study, the four-construct 
model of the GMCA was validated using confirmatory factor analysis.  
Confirmatory factor analysis was conducted using the maximum likelihood method of 
estimation in AMOS 24. The data were screened using Kaiser-Meyer-Olkin (KMO) and 
Bartlett’s test of sphericity to determine the suitability of the data for factorial analysis, 
otherwise known as sampling adequacy. Data is considerd suitable for factor analysis when 
KMO value is more than 0.6 (Kaiser & Rice, 1974) and when Bartlett’s test is significant (p < 
0.05). The square of the standard regression weight (R2) represents the percentage of variance 
explained from the model.  
The fit of the tested model was interpreted from various fit indices. On top of the chi-
square (χ2) statistic and degrees of freedom (df), other goodness-of-fit indices were used to 
determine model fit. These were the χ2 divided by the degrees of freedom (χ2/df), Comparative 
Fit Index (CFI; Bentler, 1990), Lewis-Tucker Index (TLI; Tucker & Lewis, 1973), root mean 
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square of approximation (RMSEA; Steiger & Lind, 1980; Browne & Cudeck, 1993) with 
confidence intervals (CI) and probability of the test of close fit (PCLOSE; Hu & Bentler, 1999). 
The χ2 statistic measures the overall fit of the model with a higher probability (p > 0.05), 
indicating a closer fit between the tested model and the perfect fit (Bollen, 1989). Instances of 
good fitting models being rejected with the test of exact fit due to the large χ2 statistic relative 
to the degrees of freedom have been highlighted in the literature (Jöreskog & Sörbom, 1993). 
Thus, other alternative indices of fit were used to address the limitations associated with the χ2 
statistic.  
Alternate fit indices (i.e., χ2/df, CFI, TLI and RMSEA) have been developed and are 
typically used as adjuncts to the χ2 statistic. χ2 divided by the degrees of freedom (χ2/df) 
provides an indicator of fit with values of less than 2 being considered an adequate fit 
(Wheaton, Muthen, Alwin, & Summers, 1977). The CFI is a revision of the Normed Fit Index 
(NFI; Bentler & Bonnet, 1980) that takes sample size into account since a limitation of NFI 
was the underestimation of fit in small samples (Byrne, 2013). The TLI yields values from 0.0 
to 1.0, with values closer to 1.0 being indicative of good fit. CFI and TLI values more than 0.9 
were interpreted as “acceptable”, while values more than 0.95, “good” (Hu & Bentler, 1999).  
The next fit statistic, RMSEA, is postulated to be one of the most informative fit indexes 
as it considers the error of approximation through the provision of CIs (Browne & Cudeck, 
1993). RMSEA values of less than 0.05 are indicative of “good” fit; 0.05 to 0.08, “fair” and 
0.08 to 0.10, “mediocre” (Browne & Cudeck, 1993). Nonetheless, Hu and Bentler (1999) 
propose that RMSEA values of up to 0.06 can still be considered a good fit. CI substantiates 
the RMSEA value by providing additional information regarding the precision of estimates 
(MacCallum et al., 1996). For example, if the lower bound of the RMSEA’s CI is above 0 and 
less than 0.05, then the probability of the χ2 statistic being less than 0.05 is expected 
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(MacCallum et al., 1996). Additionally, if the upper bound of the CI is above 0.05, it would be 
an indication of a plausible good fitting model.  
PCLOSE is a test for the closeness of fit. Specifically, it tests the hypothesis that the 
RMSEA value is “good” for the sample population. The probability for the PCLOSE test 
should be p > 0.50 (Browne & Cudeck, 1993). 
The four-construct model of the GMCA as extracted from study one, was validated in 
the current study. If the results of the first-order confirmatory analysis indicated an 
inadequately fitting model, the model was re-specified based upon the recommended 
modification indices. Modification indices generated by AMOS were only considered if 
proposed modifications were theoretically grounded, else, modifications made would reflect 
minute changes of the model according to sample nuances (Byrne, 2013). In addition, a second-
order confirmatory factor analysis was conducted to examine if the four constructs loaded onto 
the higher-order variable of movement competence. 
 
4.3.5.3. Age and Sex-dependent Variation 
Correlations for age were examined using Pearson correlation (r) while independent 
samples t-test was conducted to investigate sex differences of the various measured variables 
of the GMCA for the total sample. Pearson’s correlation were interpreted as follows; r < 0.3 
(weak); 0.3 ≤ r < 0.5 (moderate) and r ≥ 0.5 (strong). For t-test, homogeneity of variances was 
assessed by Levene's test for equality of variance. If the test was significant (p < 0.05), it 
indicated an unequal variance and the Welch t-test (Welch, 1947) was used instead. The Welch 
t-test modifies the t-test to accommodate unequal variance to determine the significance of the 
differences. For significant sex difference, the effect size was calculated using Cohen’s d. 





Table 5.1 reports the descriptive statistics for each measured GMCA variable. Shapiro-
Wilk test was significant for all variables, but skewness, kurtosis and Q-Q plots for some 
variables indicated acceptable levels of normality (refer to Appendix D). Hence, 
transformations were applied to some variables for further analysis. Log10 transformations were 
carried out for moderate skew and inversed transformations made for heavily skew items (refer 
to Appendix D for Q-Q plots and Appendix E for descriptive statistics of transformed data). 
 
Table 4.1. Descriptive statistics for measured variables from each GMCA game. 
 Min Max M ± SD Skewness Kurtosis 
Balance      
Balance Stage 1 0 6 3.37 ± 1.60 -0.45 -0.56 
Balance Stage 2 0 6 1.53 ± 1.43 0.68 -0.37 
Balance Stage 3a 0 7 0.91 ± 1.24 1.73 3.54 
Precision (minutes)      
Precision Stage 1a 0.7 6.00 2.69 ± 1.19 0.86 0.24 
Precision Stage 2a 0.8 8.00 2.89 ± 1.74 1.28 0.86 
Precision Stage 3a 0.8 8.00 3.09 ± 1.77 1.26 0.74 
Control      
Balls Used 2 11 8.47 ± 2.66 -0.71 -0.70 
Balloons Popped 0 16 4.24 ± 3.06 1.00 1.07 
Swiftness (seconds)      
Swiftness Stage 1a 8.27 34.54 12.64 ± 2.93 2.73 13.69 
Swiftness Stage 2a 12.96 40.18 19.07 ± 4.05 1.68 3.82 
Interception      
Spaceships Saveda 4 17 14.48 ± 2.60 -1.74 3.22 
Spaceships Losta 0 12 2.21 ± 2.33 1.75 3.50 
Note. Min, minimum; Max, maximum; M, mean; SD, standard deviation. 
a Variables that were subsequently transformed. 
 
4.4.1. Internal Consistency 
Internal consistency of each measured variable was reassessed as some GMCA games 
were modified after study one. Cronbach α-values were above the recommended 0.7 value for 
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all games except Control (α = 0.31). Table 4.2 highlights the Cronbach α-values for each 
GMCA game.    
 
Table 4.2. Internal consistency reliability for each GMCA game. 
GMCA Game Variables included  Cronbach α-value 
Balance 
(3 stages) 
Balance Stage 1 
Balance Stage 2 




Precision Stage 1 
Precision Stage 2 









Swiftness Stage 1 







Note. a Cronbach alpha accepted and the group of variables were submitted for further analysis. 
 
Both Control and Precision required individuals to manipulate a virtual object as 
projected on the screen. The main objective in Control was to manipulate (or juggle) a virtual 
ball. In Precision, the main objective was to control or manipulate a car with one hand or two 
cars using both hands simultaneously to a specified endpoint. Notably, both these games 
involved the manipulation of objects to achieve task goals. Owing to the similar objectives, the 
measured variables from Precision and Control were grouped, and internal reliability re-
evaluated. Table 4.3 shows the result of Cronbach analysis after the re-grouping of variables. 
Importantly, the measured variable, Control Balloons Popped, was dropped from subsequent 
analysis as its deletion increased the internal consistency of the group of measured variables 





Table 4.3. Internal consistency reliability results for regrouped variables. 
GMCA Game Variables included  Cronbach α-value if variable deleted 
Control  Balls used 0.11 
 Balloons popped* 0.80 
Precision Precision Stage 1  0.14 
 Precision Stage 2  0.06 
 Precision Stage 3  0.07 
Note: *Variable deleted as it led to an increased α-value of 0.80. 
 
4.4.2. Confirmatory Factor Analysis  
Confirmatory factor analysis with maximum likelihood estimation was conducted to 
test the four-construct model of the GMCA as extracted from the exploratory factor analysis in 
study one. Assumptions testing indicated that the data was suitable for factorial analysis. KMO 
value was 0.86, which indicated excellent suitability and Bartlett’s test was significant (p < 
0.001).  
The path diagrams (i.e., Figures 4.2, 4.3 and 4.4) of confirmatory factor analysis 
comprises of all the measured (or observed) variables included in the analysis as well as the 
four specified constructs of the GMCA (see Figure 4.2 for an example). Each construct consists 
of the measured GMCA game variables (also known as observed variables) and is influenced 
by a random measurement error, indicated by the associated error term (e.g., e1, e2, e3, etc.). 
Each observed variable regresses onto its respective construct. Finally, the specified constructs 
are specified to co-vary via the corresponding covariate arrows in path diagrams from the 
specified model.  
 
4.4.2.1. First-order Factor Analysis for Four-Construct Model of the GMCA 
The specified model (Model 1) was based upon the four-construct model extracted from 
the exploratory factor analysis of the previous study (see Chapter 3). The constructs are 
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balance, locomotion, object-control and dexterity. Additionally, the variable, Balance Stage 1, 
was specified to double load onto the locomotion construct.  
The initial confirmatory factor analysis for the specified four-construct model (Model 
1; see Figure 4.2) found an adequate fit (χ2(37) = 60.01; p = 0.010; χ2/df = 1.62 CFI =  0.99; 
TLI = 0.98; RMSEA = 0.05, CI 0.02 – 0.07; PCLOSE = 0.50). Despite an adequate fit, the 
model was re-specified due to the following reasons. First, the stages of Balance in the current 
version of the GMCA used in this study was updated (refer to Appendix B). In the current 
version of the GMCA, all the stages of Balance comprised of variations of one leg balances in 
comparison to the previous GMCA version where the various stages included a mix of two- 
and one-leg balances. 
 




Control Balls Used e8 
Precision Stage 1 e9 
Precision Stage 2 e10 
Precision Stage 3 e11 
Swiftness Stage 1 e6 
Swiftness Stage 2 e7 
Locomotion 
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Interception Spaceships Lost e5 
Dexterity 
Balance Stage 1 e1 
Balance Stage 2 e2 





















In the extracted model from the previous study, the one-leg balance double-loaded onto 
the locomotion construct (see Chapter 3). Hence, an exact replica of the model extracted from 
study one would mean that all the Balance variables (from the updated version of GMCA) 
would need to be specified to co-vary with the locomotion construct. If this was done, it would 
be akin to specifying that the stability and locomotion construct co-vary, since the stability 
construct consisted of all the Balance variables. However, confirmatory factor analysis 
procedures require all constructs of a specified model to co-vary. Thus, as the model (see 
Figure 4.2) was already specified to co-vary between the stability and locomotion construct, 
the double loading of Balance Stage 1 to the locomotion construct was redundant.  
To further substantiate the need to re-specify the model, the standardised regression 
weight of Balance Stage 1 loading onto the locomotion construct was -0.07. Notably, factor 
loadings (i.e., regression weight) of less than 0.4 are not considered valuable to the overall 
model fit (Tabachnick & Fidell, 2007). Thus, the initial model (Model 1; see Figure 4.2) was 
re-specified with the removal of the double loading between Balance Stage 1 and the 
locomotion construct and confirmatory factor analysis conducted again.  
The second model (Model 2; see Figure 4.3) reflect a well-fitting model based on fit 
indices (χ2(38) = 60.59; p = 0.011; χ2/df = 1.59; CFI =  0.99; TLI = 0.98; RMSEA = 0.05, CI 
0.02 – 0.07; PCLOSE = 0.53) which accounted for 74.85% of variance. Modification indices 
suggested several ways to enhance the model fit, however the suggested changes were not 
theoretical justifiable.  
In Model 2, the double loading of Balance Stage 1 was removed that resulted in a 
marginally better fitting model. Large improvements to the model after re-specification was 
never expected since the double loading only had a negligible standardised regression weight 
of -0.072. Hence, the slight improvement to the model fit was expected. With the removal of 
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the double loading specification, in Model 2, Balance Stage 1 loaded more strongly on the 
stability construct (r = 0.78 compared to 0.72 in Model 1). There were also slight reductions in 
the loading of Balance Stage 2 (r = 0.72 compared to 0.70 in Model 1) and Balance Stage 3 (r 
= 0.61 compared to 0.60 in Model 1) onto the stability construct. The loading factor or 
correlation for the other measured variables and their specified constructs (i.e., dexterity, 
locomotion and object-control) remained the same as Model 1. 
 
Figure 4.3. First-order factor structure of the GMCA (re-specified fit; Model 2). 
 
Another minor difference when comparing Model 2 to 1, was a slight increase in effect 
between the covariance of the stability and locomotion constructs (r = -0.62 compared to -0.59 
in Model 1; see Figure 4.2) as well as between the stability and dexterity constructs (r = 0.26 
compared to 0.25 in Model 1; see Figure 4.2). The negative covariance observed between the 
stability and locomotion constructs was expected for in the Balance game, more balance poses 
Object-control 
Control Balls Used e8 
Precision Stage 1 e9 
Precision Stage 2 e10 
Precision Stage 3 e11 
Swiftness Stage 1 e6 
Swiftness Stage 2 e7 
Locomotion 
Interception Spaceships Saved e4 
Interception Spaceships Lost e5 
Dexterity 
Balance Stage 1 e1 
Balance Stage 2 e2 





















held and associative higher scores are indicative of better performance. On the other hand, 
scores for Swiftness are based upon completion times. Thus, faster completion times (denoted 
with smaller values) indicate better performance. 
 
4.4.2.2. Second-order Factor Analysis for Movement Competence 
With the first-order confirmatory factor analysis establishing a good fit of the specified 
four-construct model of the GMCA, a second-order confirmatory factor analysis that specified 
the constructs load onto the higher-order variable of movement competence was undertaken. 
The four second-order latent variables of stability, dexterity, locomotion and object-control 
were specified to load directly into movement competence (Model 3; see Figure 4.4).  
 
Figure 4.4. Second-order factor model for Movement Competence. 
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Results indicated that an adequate fit was achieved (χ2(40) = 67.38; p = 0.004; χ2/df = 
1.68; CFI =  0.99; TLI = 0.98; RMSEA = 0.05, CI 0.03 – 0.07; PCLOSE = 0.43) and accounted 
for 95.44% of variance. Despite the marginally narrower confidence interval of the model, 
PCLOSE was 0.43, which is slightly below the recommended levels of > 0.5. In terms of model 
fit, model 3 was not as well-fitting as model 2 although one has to bear in mind that models 2 
and 3 are two different models resulting from two different types of confirmatory factor 
analysis; Model 2 being a first-order while Model 3 is a second-order confirmatory analysis. 
The negative r-value for the latent variables of object-control and locomotion is attributed to 
lower recorded values being indicative of better performance. Table 4.4 provides a tabled 
comparison of the various fit indices for the three tested models.  
 
Table 4.4. Fit indices of each specified model. 




construct model  
60.01 37 0.01 1.62 0.99 .98 0.05  
[0.02, 0.07] 
0.50 
2 Four-construct model 
without double loading 





67.38 40 0.00 1.68 0.99 .98 0.05  
[0.03, 0.07] 
0.43 
Notes. χ2, chi-square; df, degrees of freedom; p, probability;  CFI, comparative fit index; TLI, Lewis-Tucker index; root 
mean square of approximation, RMSEA; CI, confidence interval; PCLOSE, probability of the test of close fit. 
 
The second-order confirmatory factor analysis model (Model 3; see Figure 4.4) 
revealed that the construct with the largest correlation with movement competence was stability 
(r = 0.82). This was followed by the object-control (r = -0.80), locomotion (r = -0.77) and 
dexterity (r = 0.37) constructs. Although the dexterity construct was found to load weakly (r = 
0.37) onto movement competence, it still contributed to the overall model fit. Hence, it cannot 
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be neglected for its role in describing general movement competence. Along with the results 
of the previous study (see Chapter 3, Section 3.4), the results of the present study indicate that 
the stability construct remains the most influential on movement competence. Compared to the 
other constructs (i.e., object-control, locomotion and dexterity), it had the strongest correlation 
with movement competence in the current study (r = 0.82; see Figure 4.4) and largest 
percentage of variance explained (20.5%) from the exploratory factor analysis conducted in the 
previous study (see Table 3.4).  
 
4.4.3. Age and Sex-dependent Variation  
4.4.3.1. Correlations between Age and GMCA Performance 
Table 4.5 shows the correlations between GMCA games and age for the full sample 
and separately for boys and girls. Although most correlations are moderate to strong in size, 
correlations for the Interception variables were weak. Particularly for boys, the variable, 
Interception Spaceships Lost, had a weak correlation with age and did not reach statistical 











Table 4.5. Pearson’s correlation for age and GMCA performance. 
  Total 
(n = 259) 
Boys 
(n = 138) 
Girls 
(n = 121) 
Stability Construct    
Balance Stage 1 0.444** 0.449** .446** 
Balance Stage 2 0.415** 0.332** .529** 
Balance Stage 3 0.405** 0.295** .541** 
Dexterity Construct    
Interception Spaceships Saved 0.212** 0.182* 0.254** 
Interception Spaceships Lost -0.187** -0.147 -0.244** 
Locomotion Construct    
Swiftness Stage 1 Time -0.483** -0.423** -0.542** 
Swiftness Stage 2 Time -0.479** -0.422** -0.520** 
Object-Control Construct    
Control Balls Used -0.553** -0.510** -0.595** 
Precision Stage 1 Time -0.515** -0.480** -0.537** 
Precision Stage 2 Time -0.519** -0.443** -0.577** 
Precision Stage 3 Time -0.453** -0.343** -0.552** 
Note. *p ≤ 0.05; **p ≤ 0.01. 
 
4.4.3.2. Sex-dependent Differences in GMCA Performance  
Independent samples t-tests were conducted on the whole sample to determine if there 
was a significant performance difference between boys and girls in the GMCA games. Table 
4.6 shows the raw scores of the GMCA games for both sexes. There was homogeneity of 
variances as assessed by Levene's test for equality of variances (p > 0.05) for all variables 
except Balance Stage 3 (p = 0.016). Thus, the Welch t-test was conducted for that particular 








Table 4.6. Sex differences for GMCA games. 
 Boys 
(n = 138) 
Girls 
(n = 121) 
Stability Construct   
Balance Stage 1 3.36 ± 1.55 3.40 ± 1.66 
Balance Stage 2 1.41 ± 1.40 1.67 ± 1.45 
Balance Stage 3a* 0.71 ± 0.98 1.13 ± 1.45 
Dexterity Construct   
Interception Spaceships Saveda 14.45 ± 2.73 14.52 ± 2.46 
Interception Spaceships Losta 2.24 ± 2.48 2.18 ± 2.16 
Locomotion Construct   
Swiftness Stage 1 (secs) a*   12.29 ± 3.03 13.05 ± 2.77 
Swiftness Stage 2 (secs) a* 18.51 ± 3.77 19.70 ± 4.28 
Object-Control Construct   
Control Balls Used* 7.93 ± 2.73 9.07 ± 2.46 
Precision Stage 1 Time (mins)a 2.53 ± 1.04 2.88 ± 1.33 
Precision Stage 2 Time (mins)a 2.65 ± 1.52 3.16 ± 1.93 
Precision Stage 3 Time (mins)a 2.96 ± 1.67 3.24 ± 1.88 
Note. All values are presented as M ± SD; M, mean; SD, standard deviation; n, sample size; 
a t-test conducted on transformed variables;  
*Significant at the p < 0.05 level. 
 
 
Statistically significant differences with relatively small effects were established only 
for certain measured variables existing in the balance, object-control and locomotion 
constructs. Specifically, differences were significant for the transformed variables of Balance 
Stage 3, Control Balls Used, Swiftness Stage 1 and Stage 2 (see Table 4.6). Girls held more 
balance poses in Balance Stage 3 (Mdiff = 0.42, t(116.44) = 3.03, p = 0.003, d = 0.34) compared 
to boys. On the other hand, specific to Control, boys managed to manipulate and keep control 
of the juggled ball better, indicated with the lesser balls used (Mdiff = -1.14, t(257) = 3.51, p = 
0.001, d = 0.44). Boys were also significantly faster in both Swiftness Stage 1 (Mdiff = -0.76, 
t(257) = -2.84, p = 0.005, d = 0.26) and Stage 2 (Mdiff = -1.19, t(257) = -2.44, p = 0.015, d = 
0.30).  
It is important to note that the effect sizes for all the significant differences were small 
(Cohen’s d = 0.26 – 0.44). Coupled with the small mean differences in performance by sex for 
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The present study examined the construct validity of the GMCA and performance 
variations based on age and sex for the study sample. Both the first and second-order 
confirmatory factor analysis models indicated a good fit, particular to the study sample. In 
addition, results indicated a correlation between increasing age and performance in the GMCA. 
Collectively, GMCA performance between boys and girls were mostly similar.  
The proposed four-construct model of movement competence in this study stemmed 
from the exploratory factor analysis results of the previous study (see Chapter 3) that extracted 
a four-construct model. The specified model tested in this study resulted in an excellent fit 
which was empirically supported using confirmatory factor analysis. The result suggests that 
the GMCA is a multidimensional assessment and that all four constructs influence the 
description of movement competence. Importantly, movement competence, as measured by the 
GMCA is inclusive of one more independent construct, dexterity. This is in addition to the 
other three commonly accepted constructs of movement; namely, stability, locomotion and 
object-control (Gallahue & Ozmun, 2006; Rudd et al., 2015).  
 
4.5.1. The Four Construct Model of Movement Competence 
In the present study, the latent variables making up the dexterity construct were from 
the Interception game. The movement goal in that game was to use one hand to rescue 
spaceships by having it placed over a static image of a spaceship and maintaining its position 
over the spaceship for 3 seconds (primary task). At the same time, use the other hand to 
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intercept asteroids that move randomly as well as towards spaceships (secondary task). Thus, 
children are required to do two tasks at the same time, otherwise known in the motor control 
literature as a dual-task activity.  
Dual-task studies in children suggest that a larger portion of processing capacity is 
allocated to the more demanding task (Huang & Mercer, 2001). Thus, managing the cognitive 
processing load required for dual-task activities improve with age (Manis, Keating, & 
Morrison, 1980). As seen with the results of the present study, older children were indeed better 
able to manage outcome goals of the primary tasks better without the interference of the 
secondary task which is due to the automation of motor performance as one aged (Huang & 
Mercer, 2001; Manis et al., 1980). Huang and Mercer (2001) highlighted that single and dual-
task conditions might predict the level of automaticity of motor performance. Thus, suggesting 
that individuals’ competence in dual-task activities may potentially be a reflection of their 
movement competence. Notably, dual-task activities place a demand on cognitive processing 
which previously has shown associations with movement competence (Rosenbaum, Carlson, 
& Gilmore, 2001; Rosenbaum et al., 2012). 
The proposed model of movement competence from this study suggests that 
participation in a wide range of activities would develop competent movers. The moderate to 
large correlations associated between the various constructs associated with movement 
competence has further substantiated the interdependence between constructs (Davids et al., 
2000; Rudd et al., 2016).  
The stability construct, in particular, was the construct with the largest influence on 
movement competence, both in the previous and present study. This further substantiates the 
work of Rudd and colleagues (2015) who previously highlighted the vital role that stability 
plays in the development of movement competence. Furthermore, they stress that the 
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assessment of stability needed to be included in movement assessment batteries in order to 
provide a holistic description of an individual’s movement competence.  
The confirmatory factor analysis results from this present study suggest that 
practitioners involved with movement development must ensure that movement development 
tasks are not static. A dynamic learning environment would allow individuals to use movement 
attributes from the various constructs of movement with some attributes of a particular 
construct appearing more apparent than others. For example, returning a ball in tennis would 
include a majority of movement attributes from the object-control construct but also include 
attributes from the stability and locomotion constructs as individuals move and re-position 
themselves appropriately to make the return. Therefore, exposure to a variety of movement 
experiences offers opportunities for the learner to engage in adapting functional forms of 
movements specific to the movement goal.  
Results indicate that the dexterity construct has a small to moderate correlation to the 
other constructs and to overall movement competence. In Model 2 (see Figure 4.3), 
correlations between dexterity and the other three constructs (i.e., stability, locomotion and 
object-control) were smaller (r = 0.26 – 0.38) compared to the relationship of the other three 
constructs against each other (r = 0.61 – 0.68). The first-order confirmatory analysis for 
movement competence (Model 3; see Figure 4.4) also showed strong correlations for stability, 
locomotion, object-control constructs (r = 0.82, -0.77 and 0.80 respectively) and a moderate 
relationship with the dexterity construct (r = 0.37). There are three possible interpretations of 
this result. First, dexterity is foundational in all categories of human movement. It might not 
have appeared strongly as a stand-alone construct as reflected in the moderate correlations with 
movement competence (see Figure 4.4). This may serve to explain why dexterity, at this point, 
has not yet been validated as an independent construct of movement, for it resides, embedded 
within the other movement constructs (Gallahue & Ozmun, 2006; Vandorpe et al., 2012). 
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Second, from a statistical standpoint, there may be an inadequate number of latent variables 
defining the dexterity construct. If this is true, then further studies should examine the impact 
of dexterity on general movement competence. Third, the role that dexterity plays is perhaps 
that of a critical element or the additional factor that can differentiate children who may reside 
at extreme ends of the spectrum of movement competence more clearly.  
 
4.5.2. Age and Sex Variations 
4.5.2.1. Correlations between Age and Performance 
Results from the present study reinforce empirical evidence from the field of motor 
development that movement performance generally improves with age. Notably, normative 
data from currently validated movement assessment batteries indicate that competence in 
movement does indeed typically improve with age (Bruininks, 2005; Ulrich, 2000). 
Additionally, movement competence increasing with age is well-established in the literature 
(Cairney et al., 2018; Gallahue & Ozmun, 2006; Sun et al., 2010).  
The amount and variety of movement experience play a crucial role in the movement 
competence of an individual (Clark, 2007; Rudd et al., 2016; Seifert et al., 2013). Notably, as 
one ages, the increased exposure to the variety of movement experiences has a compounding 
effect. Thus, an individual’s ability to adapt and refine movements based on given constraints 
is naturally inclined to improve (Clark & Metcalfe, 2002; Rudd et al., 2016), as do the results 
from this study also show.  
 
4.5.2.2. Performance variation by Sex 
The tasks in the GMCA were designed to be generic movements that had little or no 
resemblance with any sport-related movement which has generally shown to be sex-biased 
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(Larsson & Quennerstedt, 2012; Schmalz & Kerstetter, 2006). Results from the current study 
indicate that for the sample as a whole, variations in GMCA performance differed only slightly 
based on sex. The literature surrounding the presence of sex difference in movement 
performance in children are mixed with studies highlighting that if differences exist, there are 
not statistically significant (Henderson et al., 2007; van Waelvelde et al., 2008) as the overall 
trend of results from this present study show. If sex differences exist, Thomas and French 
(1985) highlight that the size of the differences between age and sex in motor performance is 
dependent upon the age range of the children. For example, in their study, it was found that in 
running and long jumps, boys perform slightly better than girls at early childhood (Cohen’s d 
= 0.20 – 0.50). During puberty, the girls reduce the difference in performance. However, when 
boys reached puberty, the performance difference was 1.5 – 2 standard deviations apart. They 
suggest that differences in performance are mainly attributed to environmental factors such as 
socialisation that may bias one sex over the other. They argue that if differences were indeed 
due to biological differences, then the differences would expectedly be more significant, 
especially after puberty since girls generally reach puberty quicker than boys. The role of 
environmental constraints, such as socialisation creating a disparity in the motor performance 
of boys and girls and has been echoed by others before (Larsson & Quennerstedt, 2012; 
Williams, 1996; Wright & Burrows, 2006). 
Although effect sizes were small, the significant sex difference for the variable Balance 
Stage 3 indicated that girls performed better in the most challenging stage of the balance task. 
In this stage, the task requirements demanded a one-leg balance, and at the same time, both 
hands had to be positioned into specified locations as displayed on the screen. Girls have 
generally been found to perform better on stability tasks, specifically in one-leg balance tasks 
(Lee & Lin, 2007; Nolan, Grigorenko, & Thorstensson, 2005). Lee and Lin (2007) suggest that 
118 
 
the variation in stability competence may be attributed to the larger bodyweight of boys that 
result in a greater moment of inertia; hence, a greater demand to maintain stability.  
Another statistically significant performance difference was found for the Control Balls 
Used variable that indicated that boys fared better. The task in Control was a juggling task, 
where participants’ had to maintain the juggle of a virtual ball between both hands to maintain 
the control of the ball without it falling to the ground (similar to a child juggling a balloon with 
their hands and ensuring it does not fall to the ground). Previous studies indicate that boys 
generally perform better in both upper and lower body object-control tasks (Barnett et al., 2010; 
Cairney et al., 2018; Hardy, King, Farrell, Macniven, & Howlett, 2010). However, the presence 
of these sex differences is often attributed to environmental factors where socialisation may 
bias a particular sex towards certain movement activities (Larsson & Quennerstedt, 2012). 
Additionally, it is suggested that object-control activities tend to favour boys due to their 
increased exposure to activities involving the use of object-manipulation, especially in early 
childhood (Barnett et al., 2010; Williams, 1996). 
Results from studies investigating sex differences for locomotor performance have been 
somewhat mixed. Intriguingly, studies employing the use of qualitative forms of assessment 
found no differences between boys and girls for locomotor tasks (Barnett et al., 2010; Hume et 
al., 2008). In contrast, studies using quantitative or product-based forms of movement 
assessments found that boys performed better (Haubenstricker, Wisner, Seefeldt, & Branta, 
1997). Despite the purposeful exclusion of sport-related skills in the GMCA, significant sex 
differences were found, albeit with small effects which are similar with findings of past studies 





4.5.3. Assessment Form 
Process and product-based assessments primarily differ in assessment forms. Process-
based assessments utilise observational criteria to determine the quality of a particular 
movement (e.g., running form) that are criterion-referenced. Product-based assessments 
measure quantitative, outcome variables (e.g., running duration) and are often referenced with 
normative samples. To simplify the difference between the two forms of assessments; process-
based assessments provide information about the quality of movement, describing how a 
movement was executed while product-based assessments measure the outcome of the 
movement. Although the validity of both forms of assessments to measure movement skills 
have been raised before (Logan, Robinson, Wilson, & Lucas, 2012; Stodden et al., 2008), 
previous studies have suggested associations between the two (Mally, Battista, & Robertson, 
2011; Miller, Vine, & Larkin, 2007; Roberton & Konczak, 2001), thus, highlighting that both 
forms have their merits, and that results from both assessment forms are valid for the purposes 
that they were designed for.  
The theoretical framework underpinning the development of the GMCA is the 
ecological dynamics theory. The theory suggests that movement responses are a consequence 
of the dynamic interactions between individual, task and environmental constraints, that are 
scaled based upon the action-capabilities of the individual (Davids et al., 2008; Davids, Glazier, 
Araújo, & Bartlett, 2003b). Although understanding the process of movement or assessing its 
quality are suggested to be an important feature in determining the efficiency of movement 
(Ulrich, 2000), process-based movement assessments often assess children’s movement skills 
based upon a mature, expert-like form (Stodden et al., 2008). Notably, that approach fails to 
consider the influence of individual differences in movement responses. Importantly, the 
variability of and within observed movements are inherently present due to the unique 
individual differences of every individual (Chow et al., 2007a). In addition, there are no 
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universally ideal or expert-like patterns of movement (Davids et al., 2013; Seifert et al., 2013). 
Hence, the GMCA was developed as a product-based assessment that is concerned with the 
movement outcome since the process of executing movement would be unique to each 
individual, based upon their action-capabilities and interaction with task and environmental 
constraints.  
 
4.5.4. Strengths, Limitations and Future Directions 
One of the merits of this study is its utilisation of relatively low-cost, portable video 
game technology that can be operated without specialised training to help ease some of the 
constraints of current movement assessments such as the need for trained assessors (Cools et 
al., 2009). Furthermore, its presentation via an AVG format is a novelty that children find 
naturally engaging. The AVG format and ability to programme customised games highlight its 
potential to be used as a teaching tool that is particularly useful for clinical populations when 
used as an intervention or rehabilitative tool (Camara Machado et al., 2017; Page et al., 2017).  
There are some limitations to this study. First, the sample only consisted of children 
from one school. Therefore, the excellent model-fit from the confirmatory factor analyses are 
specific to the study sample. This is a crucial point to note since validation studies of other 
movement assessments that found incongruent results when used with different samples 
(Bardid et al., 2016; Chow et al., 2006; van Waelvelde et al., 2008). Thus, future studies should 
consider validating the GMCA in other populations. Secondly, sex differences in GMCA 
performance from this study were examined for the sample as a whole. Future work should 
explore if the sex differences, are consistent across age groups or only significant for particular 
ages. Thirdly, the efficacy of any assessment will be in its discriminative validity or 
responsiveness (Robertson et al., 2017). However, this was not yet established in this study. 
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Therefore, in order to further accumulate validity evidence the GMCA (Gunnell et al., 2014; 
Zumbo & Chan, 2014), future research should determine the GMCA’s sensitivity in tracking 
developmental changes. Finally, it is suggested that the relationship between dexterity and 
overall movement competence be explored further. Future studies should explore the role of 
dexterity in distinguishing children across the spectrum of movement competence. This could 
be done by identifying correlates between the dexterous tasks of the GMCA and the other 
validated assessment batteries such as the Brunicks-Oseretsky Test of Motor Proficiency 
(Bruininks, 2005), Körperkoordination Test für Kinder (Kiphard & Schilling, 2007) or 
Movement ABC-2 (Henderson et al., 2007). 
 
4.6. Conclusions 
In conclusion, movement tasks in current assessment batteries are largely closed-skill 
and static in nature. The GMCA utilises the technology of video games to provide dynamic 
movement assessment tasks that are interactive and engaging. Importantly, the inclusion of 
dynamic tasks allows individuals’ to demonstrate their ability to adapt and respond to changing 
task constraints, which are more representative of the coupling between affordances and 
movements in the real-world. This study confirms the four-construct model of the GMCA and 
the age-relatedness of movement competence development. In addition, the similar 
performance of boys and girls in this study suggests that the GMCA games are mostly neutral. 
Importantly, this study reaffirms that dexterity can be potentially considered as an independent 
construct in the model of movement competence and should be duly considered for inclusion 




5. CHAPTER 5: 
Sensitivity in Detecting Developmental 





Fundamental Movement Skills (FMS) are widely used to describe movement 
competence, and its development is a key objective of Physical Education (PE) across many 
countries. It has been proposed that new movement assessment batteries should include 
dynamic assessment tasks to represent better the crucial role the environment plays in 
movement responses. The GMCA developed as a part of this research programme utilises video 
game technology to present dynamic assessment tasks for individuals via a series of AVGs. A 
crucial aspect of validity is the sensitivity of a measurement tool to detect meaningful levels of 
change. Pre, post and follow-up trials were conducted with the GMCA. The present study 
aimed to investigate the sensitivity of the GMCA in detecting developmental changes.  
Repeated-measures ANOVAs were conducted to examine interaction effects of time, 
age group and sex for GMCA games. Significant effects of time indicate that the GMCA can 
detect levels of change across time. Results also showed a significant performance difference 
between the sexes only for certain games and specific to certain age groups. Thus, the results 
do not provide strong evidence to indicate that movement competence is significantly different 
between boys and girls at 7 – 12 years of age.  
Importantly, results suggest a consolidation period of movement development between 
9 – 10 years before children reach another statistically significant developmental level at 11 
years old onwards. Finally, overall results confirmed the sensitivity of the GMCA to monitor 
and movement levels. Thus, supports current evidence for the possible use of motion-sensing 
technology to assess movement competence.  
 
Keywords: MOTOR DEVELOPMENT, FUNDAMENTAL MOVEMENT SKILLS, 




Developing movement competence in childhood is crucial for sustaining positive attitudes 
towards physical activity, maintaining physical fitness and improving health outcomes (Barnett 
et al., 2008; Cattuzzo et al., 2016; Haga, 2009; McGrane, Belton, Powell, & Issartel, 2017; 
Stodden et al., 2008). Possessing movement competence has also been linked to increased 
academic achievement (Bailey et al., 2009; Ericsson & Karlsson, 2014; Haapala et al., 2017; 
Muntaner-Mas, Pere, Vidal-Conti, & Esteban-Cornejo, 2018). Thus, the development of the 
physical domain in children is a key objective in the formal curricular of education settings. In 
particular, the development of movement skills is an outcome measure of the PE curriculum in 
many countries (ACARA, 2016; MOE New Zealand, 1999; MOE Singapore, 2016; SHAPE 
America - Society of Health and Physical Educators, 2013).  
 
5.2.1. FMS Mastery as a PE Objective 
 Movement competence has been described as the ability of an individual to adapt and 
assemble functional, efficient forms of movement across a variety of situations that are 
depended upon various constraints (Araújo & Davids, 2011; Ng & Button, 2018). Importantly, 
an individual’s movement competence is not solely influenced by maturation (Clark, 1994; 
Davids et al., 2008) but is heavily dependent upon prior engagement in a variety of movement 
experiences (Rudd et al., 2016; Seifert et al., 2013; Stodden et al., 2008). In the literature, a 
group of movement skills termed fundamental movement skills (FMS) have been the focus of 
determining movement competence in individuals which indeed has been highlighted as 
precursors of participation in lifelong physical activity and healthy lifestyle behaviours 
(Holfelder & Schott, 2014; McGrane et al., 2017; Morgan et al., 2013).  
125 
 
FMS are postulated as consisting of three constructs; namely, stability, locomotion and 
object-control (Gallahue & Ozmun, 2006). Stability skills refer to skills that require individuals 
to maintain postural control or balance, both statically and dynamically. Locomotion skills 
refer to movements that allow an individual to move from point-to-point. Some examples 
include walking, hopping and skipping. Object-control skills (also referred to as manipulative 
skills) include perceptual-motor skills such as throwing, catching, bouncing or striking a ball 
with an implement. Studies show a typical trend of girls performing better in stability tasks 
(Lee & Lin, 2007; Nolan et al., 2005), while boys perform better in object-control tasks. 
(Barnett et al., 2010; Hardy et al., 2010; Lubans et al., 2010). However, results are mixed with 
regard to locomotion tasks (Barnett et al., 2010; Haubenstricker et al., 1997). The presence of 
sex variations in FMS proficiency, however, is generally not attributed to biological differences 
(which are less pronounced pre-puberty) but instead are mainly attributed to environmental 
factors such as socialisation (Thomas & French, 1985). 
It has been established that FMS competence generally improves with age (Bardid et 
al., 2016; Gallahue & Ozmun, 2006). Importantly, changes are not just due to natural 
maturation but also due to the increased exploration of movement accumulated through 
engagement in varied movement experiences as one ages (Clark & Metcalfe, 2002; Rudd et 
al., 2016). Interestingly, it is suggested that these skills do not occur naturally in everyday 
living and need to be explicitly developed (Barnett et al., 2016b; Clark & Metcalfe, 2002). 
While the constructs of FMS are widely accepted to provide a holistic picture of movement 
competence, at the same time, there have been concerns raised regarding the oversimplification 
that all movement types are indeed sufficiently captured by the three FMS constructs (Pot et 
al., 2017). Suggestions have been made for the inclusion of more constructs to provide a more 
holistic representation of general movement competence (Luz et al., 2016; Rudd et al., 2016). 
Notably, the present three constructs of FMS are poses a constraint and limits the inclusion of 
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other critical aspects of movement development (e.g., coordination, rhythmicity, aquatic skills, 
etc.) (Button, 2016; Logan et al., 2018; Ng & Button, 2018). Further concerns have been raised 
regarding the narrow selection of FMS considering the vast range of movements that are 
represented in daily life as well as in varied recreational and sports activities (Almond, 2014; 
Hulteen, Morgan, Barnett, Stodden, & Lubans, 2018; Pot et al., 2017). Despite such concerns, 
the structured compartmentalisation of FMS perhaps acts to provide structure for its teaching, 
learning and assessment since it attempts at simplifying the complex nature of movement 
(Barnett et al., 2016b; Burton & Miller, 1998).  
Development of FMS is an important focus in PE and dominates the PE curriculum of 
many countries such as Australia, Canada, England, Singapore and USA (ACARA, 2016; DoE 
England, 2013; DoE Victoria, 1996; MOE Ontario, 2015; MOE Singapore, 2016; SHAPE 
America - Society of Health and Physical Educators, 2013, 2019). The role that PE plays in 
developing children’s FMS are indeed critical and significant (Bailey, 2006) and the distinct 
classification of movement skills facilities its teaching, assessment and monitoring in schools. 
Regarding FMS development in formal PE settings, recommendations stemming from 
empirical studies are often made for PE programmes to be tailored to address the disparity in 
competence levels due to factors such as sex or social-economic status (Lubans et al., 2010; 
van Beurden et al., 2003). This recommendation is not surprising since PE plays a crucial role 
in developing FMS (Bailey, 2006; Lander, Eather, Morgan, Salmon, & Barnett, 2017a).  A 
systematic review of FMS interventions conducted by Morgan and colleagues (2013) found 
that many interventions delivered in schools were effective at improving FMS proficiency. 
Importantly, the review stressed the importance of including PE specialist teachers in the 
delivery of interventions. The use of specialist PE teachers in facilitating school-based 
interventions for movement-skill activities have proven effective in past studies (Lander et al., 




5.2.2. Efficacy of PE-based Interventions 
Durations of interventions aimed at improving levels of movement competence vary in 
length and frequency. Although it is presumed that longer intervention durations amount to an 
increased engagement time and consequently result in greater skill improvements, this is not 
true. In a systematic review and meta-analysis conducted by Logan and colleagues (2012), a 
total of twenty-two studies were analysed with movement-based interventions lasting 6 – 15 
weeks with a total duration of 480 – 1440 minutes, results indicated no associations between 
intervention duration and efficacy. A subsequent review by Morgan and colleagues (2013) also 
found no established links between the length of interventions and skill improvements. Twenty-
two studies were included in their analysis with interventions lasting from four weeks, up to 
three years, with total intervention duration of 480 to 11700 minutes. Although findings 
regarding the lack of association between duration length and skill improvements were similar 
in the two cited examples, both reviews attributed it to different factors. Logan and colleagues 
(2012) suggest that children lose engagement with interventions after a certain length of time, 
thus, affecting the efficacy of interventions. Whereas Morgan and colleagues (2013) propose 
that improvements made as a result of interventions may not have been adequately captured 
due to the “ceiling effects” associated with some movement assessments. Therefore, resulting 
in the reported “lack of improvements”. Notwithstanding, Lai and colleagues (2014), in their 
systematic review, found that the duration of interventions may be associated with adherence 
for physical activity after interventions are over. Their results found that studies indicating 





5.2.3. New Movement Assessments  
Movement competence is postulated as existing across a broad spectrum (Clark & 
Metcalfe, 2002; Ng & Button, 2018). Notably, in general settings such as in school, there would 
be variations in the movement competence levels of children. Thus, assessments used for the 
general population must be able to capture the wide spectrum of movement competence 
adequately. Traditional movement assessments are typically developed for the identification 
and description of individuals with potential motor deficiencies (Scheuer et al., 2019). Thus, 
their use in the general cohort may not be sensitive in discriminating between children with 
better movement competence (Cools et al., 2009; Giblin et al., 2014). Concerns raised 
regarding the use of clinically validated assessments in generalised settings such as schools due 
to the nature of assessment tasks which are often decontextualized and over-simplified 
representations of isolated movement types. Moreover, the complex interaction between the 
affordances of the environment and how movement responses are adapted based upon the 
various constraints are often downplayed (Fajen et al., 2011; Longmuir et al., 2017; Stodden et 
al., 2008).  
In recent years, several emerging movement assessments have been validated for use 
in PE settings to monitor levels of movement competence (Lander et al., 2017b; Longmuir et 
al., 2017). Importantly, these newer assessments consider critical elements of movement 
competence such as, the ability to adapt and refine movements based upon the constraints 
provided (Longmuir et al., 2017; Žuvela et al., 2011). For example, the Canadian Agility and 
Movement Skill Assessment (CAMSA; Longmuir et al., 2017) was developed to address 
concerns such as static test environments and isolated skill performances associated with 
traditional movement assessments (Cools et al., 2009). Notably, a dynamic testing environment 
is more representative of the real-world (Davids et al., 2008; Seifert et al., 2013). The CAMSA 
presents itself as an obstacle course that allows children to exhibit ability in combining a range 
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of movements in response to a dynamic and complex physical environment. Importantly, the 
changing test formats of newer assessments are positive indicators that assessments describing 
general movement competence are increasingly acknowledging the critical role that movement 
adaptability plays in the description of movement competence. Specifically, how the 
environment and the affordances it provides influences subsequent movement responses of 
individuals are increasingly accounted for as a vital factor to consider in the design of 
assessment tasks.  
Other than addressing administrative concerns of resource, utilising programmable 
technology can aid the construction of dynamic tasks which allow individuals to demonstrate 
movement adaptability; a critical aspect of movement competence (Davids et al., 2006b). 
Advances in video game technology such as the Microsoft Kinect have seen the proliferation 
of active video games (AVGs) in empirical studies of human movement (Choppin et al., 2014; 
Rosenberg et al., 2016). Importantly, children believe that engagement with AVGs is beneficial 
to their movement development (Barnett et al., 2014). Despite new assessments being 
developed for use in the general populations and in settings such as schools, thus far, none have 
capitalised on the advances of video game technology to assess movement competence.  
The General Movement Assessment (GMCA) was developed using the Microsoft 
Kinect to measure movement competence via an active video game format (see Chapters 3 and 
4). The GMCA was created with the objective of providing an assessment tool that individuals 
could interactively engage with. Other than the motion-sensing capabilities of the Microsoft 
Kinect system, its programmability enables the customised creation of dynamic movement 
assessment tasks.  
In the previous study (see Chapter 4), the four-construct model of the GMCA was 
validated. An additional construct termed, dexterity, was validated and on top of three other 
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constructs (i.e., stability, locomotion and object-control). In this thesis, dexterity is defined as 
the act of using/moving both sides of the body independently. In order words, the ability to be 
competent bilaterally (which includes bimanual coordination). The performance of many basic 
and complex movements utilising different parts of the body involves complex levels of 
bilateral coordination. Notably, bilateral coordination or dexterity, as defined in this thesis has 
been suggested to be indicative of movement competence (Magalhaes, Koomar, & Cermak, 
1989; Marion, Kilian, Naramor, & Brown, 2003). Bilateral coordination of movement requires 
the rapid exchange of information between the cerebral hemispheres and is correlated with age 
(Marion et al., 2003).  
Handedness, which is the preference of using either hand to complete tasks, movements 
of the preferred hand (or dominant hand) would primarily activate the contralateral hemisphere 
(i.e., in right-handers, the left hemisphere of the brain is primarily activated and vice-versa for 
left-handers). Iedynak and colleagues (2017) compared the effects of learning a roll, throw and 
catch with three different methods in children aged 3 – 5 years old. The first method involved 
learning the skill using the non-dominant arm first, followed by the dominant arm. The second 
method involved learning with the dominant arm first, then followed with the non-dominant 
arm. The third method was learning the skill only with the dominant arm. Their results showed 
that regardless of sex and preferred-handedness, learning a basic skill with the non-dominant 
arm first followed by the dominant arm was the most effective method comparatively. Based 
on the results of their study, Iedynak and colleagues (2017) concluded that the use of the non-
preferred hand activates both hemispheres of the brain, which has an implication on the 





5.2.4. Study Aims 
The main objective of the present study was to determine the GMCA’s sensitivity to 
detect developmental changes over time. Secondary objectives were to examine the interaction 
effects of age and sex on GMCA performance and to investigate the correlations between each 
GMCA game performance and overall general movement competence.  
A series of PE sessions taking place once a week over five weeks that emphasised the 
use of the non-dominant limbs was co-planned between the primary researcher and the teacher. 
These practice sessions were carried out between the pre and post trials of the GMCA.  Results 
from Chapter 4 found that GMCA performance correlated with age. Some sex differences were 
also found that were specific to certain measured variables of GMCA games. It is hypothesised 
that there would be improvements to movement competence as measured by the GMCA due 
to developmental changes over time. It is further hypothesised that performance in the GMCA 
games would show that movement competence corresponded with age and that some sex-




Based on power calculations of a systematic review that investigated the effectiveness 
of movement skill interventions (Logan et al., 2012), a minimum of 200 participants was 
needed to achieve a medium effect size of 0.39. 259 participants (Boys, n = 138; Girls, n = 
121), aged 7 – 12 years were recruited in the present study (the sample used in this study were 
the same as those in study two). As the GMCA had not been programmed to accommodate 
individual differences of children with disabilities, children with any physical impairment or 
132 
 
disabilities (e.g., visual, hearing impaired, children with cerebral palsy, etc.) were excluded 
from the study.   
There were a total of six withdrawals for the study. One student (Boy, n = 1) relocated 
to another city after the pre-practice trial, and five students moved to another school after the 
post-practice trials (n = 5, Boys, n = 2, Girls, n = 3). This resulted in a final sample size of 253 
students completing the entire study, consisting of 135 boys and 118 girls. Mean (M) age of 
the final sample was 9.94, SD = 1.60 years (Boys, M age = 10.06, SD = 1.54 years; Girls, M 
age = 9.79, SD = 1.65 years). Preliminary tests were carried out to establish possible significant 
differences in age between boys and girls. No significant age difference was found between 
the sexes (p = 0.18). The sample was further classified into age groups (i.e., 7, 8, 9, 10, 11 and 
12 years old) depending on their age during the pre-practice trials. In the 11 year old age group, 
there was a significant difference in age between boys and girls (p = 0.03; Boys, M age = 11.50, 
SD = 0.24; Girls, M age = 11.26, SD = 0.43 years). There were no significant sex differences 
in age for the other age groups.  
Prior to the commencement of the study, written informed consent was attained from 
both parents and child participants. Approval for the study was obtained from the Human Ethics 
Committee of the University of Otago.  
 
5.3.2. Instruments and Measurements 
The GMCA version 2 (refer to Appendix B) was used to assess movement competence. 





5.3.3. Design and Practice Implementation 
As the primary goal of this study was to test the sensitivity of the GMCA to detect 
changes in movement competence, the study design comprised of three testing phases; pre, 
post and follow-up trials. The total sample (n = 253) participated in the pre-practice GMCA 
trials, post-practice trials (five weeks after pre-test) and follow-up trials (eight weeks after post-
practice trials) of the GMCA. In the five-week period between pre and post-practice trials, all 
students participated in the “Let’s Move” programme that was conducted as part of their regular 
school-based PE programme. The content of the “Let’s Move” programme was co-designed 
between the lead researcher and lead PE teacher of the school, both of whom were trained PE 
specialists, each with more than ten years of teaching experience. Throughout the five weeks 
of the “Let’s Move” programme, all sessions were delivered by the same lead PE teacher across 
grade levels. As the planned programme was conducted as part of the participating school’s 
regular PE lessons, each session also included students who were not participating in the study. 
All PE lessons were taught according to the different grade levels. 
 The “Let’s Move” programme was aligned with the PE syllabus of the school and 
consisted of five practice sessions (one per week) that focused on developing competence in 
using both sides of the body independently and competently (emphasising dexterity). Although 
developing dexterity was a key focus of the programme, it also included other varied movement 
activities in which movements across the other measured constructs of the GMCA (i.e., 
stability, locomotion and object-control) would have been used and practised. The emphasis of 
the programme for dexterous movement competence stemmed from the results of previous 
studies (see Chapter 3 and 4) indicating that the GMCA’s description of movement competence 
included dexterity as a construct, in addition to the other movement constructs of stability, 
locomotion and object-control. 
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Consisting of five weekly 30-minute practice sessions conducted during regular PE 
lessons, each session of the “Let’s Move” programme comprised of a 5-minute warm-up 
activity followed by 25 minutes of structured movement lessons (refer to Appendix F). 
Moreover, as part of the participating school’s PE programme, all students had 10 minutes of 
daily fitness sessions that were conducted by individual classroom teachers. The total amount 
of structured movement activities planned in the programme, including the daily fitness 
sessions amounted to 80 minutes per week or 400 minutes in total for the five weeks’ worth of 
practice sessions. Although tracking the efficacy of the “Let’s Move” programme was not an 
aim of this study, the effects of the programme are described through statistical analysis. Thus, 
maintaining the integrity of content delivery was carried out with randomised weekly “check-
in” sessions made by the lead researcher. This was to ensure that the delivery of the practice 
sessions aligned with the planned movement activities and that the objectives were met for 
each session. At the end of each “check-in” session, the PE teacher and lead researcher 
considered if there was a need to modify the planned activities for the subsequent sessions to 
accommodate the needs of individual students or grade levels.  
Other than the structured movement activities that students received as part of the 
programme, the regular school routine consisted of daily unstructured free play periods. The 
unstructured periods of free play occurred during morning tea (15 minutes) and lunch (45 
minutes) breaks. This amounted to a combined duration of 60 minutes per day (the specified 
duration of unstructured play excluded the designated time taken for meals). During the free 
play periods, children had access to the school’s various play spaces like the field, hardcourts 
and playgrounds. At the fields and hardcourts of the school, students had access to sports 
equipment (e.g., footballs, basketballs, rugby balls; cricket bats, stand-on balance buckets, 
skipping ropes, etc.). The school had a total of three different playgrounds, located at separate 
locations of the school. One of the playgrounds was a purpose-built “adventure” playground 
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equipped with balance bridges and rope obstacles at raised heights. In combination, the three 
different playgrounds had various equipment installed (e.g., slides, climbing structures, swings, 
balance beams and bridges, monkey bars, etc.).  
During the unstructured free play periods, “duty-teachers” patrolled the various play 
areas for health and safety purposes. As part of the study protocol, teachers who were on patrol 
during the free play periods were informed to not provide any teacher-led instruction or 
coaching of movement skills to the students throughout the “Let’s Move” programme. Follow-
up GMCA test trials took place eight weeks after the end of the “Let’s Move” programme. In 
addition, the eight week period between the post and follow-up trials coincided with the 
summer holidays of the school. Thus, movement activities that students engaged in during the 
summer break were not and could not have been regulated.   
 
5.3.4. Procedure 
 After receiving ethical approval and consent from the participating school’s leaders 
regarding the involvement of teachers and students in the research study, written informed 
consent was obtained from both students and their parents. Three face-to-face sessions of 
“programme design” and multiple email correspondences occurred between the lead researcher 
and the lead PE teacher to co-design the content of the five-week “Let’s Move” programme. 
Upon finalisation of the programme content, a meeting was conducted by the lead researcher 
and school staff to provide information regarding the objectives and purposes of the research 
study and the “Let’s Move” programme. Thereafter, a separate meeting and training session 
was conducted between the lead researcher, lead PE teacher and classroom teachers of the 
classes who had research participants. The training session was used to demonstrate, explain 
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and provide the rationale for the various daily fitness activities classroom teachers had to 
conduct and supervise during the weeks of the “Let’s Move” programme.  
In the first phase of the study (pre-practice trial), participants were assessed using the 
updated version of the GMCA (refer to Appendix B). This was followed with the “Let’s Move” 
programme that consisted of weekly 30 minute PE lessons and daily 10 minutes fitness 
activities planned across grade levels for five weeks. Post-practice trials were conducted in the 
week following the conclusion of the “Let’s Move” programme. Eight weeks following the 
post-practice trials, follow-up trials were conducted using the GMCA to measure participants’ 
movement competence. All GMCA trials were video recorded for review in the event of 
discrepancies.  
 
5.3.5. Data Analysis  
Test-retest reliability of the GMCA was first determined on a pilot sample (n = 14) 
using the Intraclass Correlation Coefficient (ICC) two-way mixed-effects model with an 
absolute agreement (Koo & Li, 2016). Hypothesised improvements of movement competence, 
based upon performance in the GMCA were analysed using a one-way repeated-measures 
analysis of variance (RM-ANOVA). Correlations of individual GMCA game scores to total 
GMCA scores were assessed using Pearson’s correlation. With the full sample (n = 253), 
descriptive statistics (refer to Appendix G) were produced for each GMCA game. Outliers were 
assessed by boxplot and normality of data distribution were assessed by the Shapiro-Wilk test 
(Shapiro & Wilk, 1965), skewness, kurtosis and visual inspections of Q-Q plots. Skewness and 
kurtosis, with values less than ±2.0, were acceptable (George & Mallery, 2010). Where data 




5.3.5.1. Repeated Measures ANOVA 
One-way RM-ANOVA’s were conducted to determine statistically significant 
differences in GMCA game scores in the post and follow-up trials. Assumptions were tested 
with homogeneity of variances assessed by Levene's test (Levene, 1960) and Mauchly's test of 
sphericity (Mauchly, 1940). If sphericity was violated, a correction, epsilon (ε) as calculated 
by the Greenhouse-Geisser correction method (Greenhouse & Geisser, 1959) was applied to 
interpret the significance. The Greenhouse-Geisser correction corrected for bias by adjusting 
the degrees of freedom used in calculating the p-value. The effect size of the RM-ANOVA was 
based on partial eta squared (partial η2) and interpreted as follows; 0.01 (small); 0.09 (medium) 
and 0.25 (large) (Cohen, 1988). Significance levels were accepted at p < 0.05. Where RM-
ANOVA produced significant interactions, simple main effects tests were run followed by post 
hoc pairwise comparisons with Bonferroni adjustment carried out within each simple main 
effect. In the absence of significant interaction effects, significant main effects were followed 
up with post hoc pairwise comparisons.  
 
5.3.5.2. Correlations in Game Performance and Movement Competence 
As each GMCA game measured variables on different scales, each total game score 
was transformed into a standardised score (z-score). A total test score of general movement 
competence was calculated by taking the sum of the z-scores for each individual GMCA game. 
Pearson product-moment correlation coefficient (r) was then calculated for each GMCA game 







5.4.1. Test-retest Reliability 
Test-retest reliability was analysed from the pilot study sample (n = 14) and revealed 
that ICC coefficients for the various GMCA games were 0.71 – 0.96, thus indicating good to 
excellent test-retest reliability all games except Interception (see Table 5.1). ICC test results 
indicated that Interception dataset (ICC -0.23, 95% CI -3.71 – 0.63, p = 0.63) had violated 
assumptions of the reliability model due to a negative covariance.  It suggests that the variance 
of Interception scores specific to the sample from the pilot study may indicate an inconsistency 
in measurement. ICC values are negative when the within-group variance exceeds the between-
group variance, thus, resulting in the negative average covariance among items (LeBreton & 
Senter, 2008). The negative covariance may be attributed to either a sampling error, which is 
ruled out in this instance since the data was checked over,  or the small sample size (n = 14) of 
the pilot study (Guttman, 1945). Accordingly, Interception was excluded from subsequent 
analysis.  
 
Table 5.1. ICC values of each GMCA game. 
GMCA Game ICC value CI 
Balance 0.95** 0.84 – 0.98 
Precision (min) 0.89** 0.64 – 0.96 
Control 0.71* 0.06 – 0.91  
Swiftness (sec) 0.91** 0.71 – 0.97  
Total GMCA score (z-score)  0.96** 0.88 – 0.99  
Note. ICC, intraclass correlation coefficient; CI, confidence intervals;  
*p ≤ 0.05; **p ≤ 0.01. 
 
 
As the outcome variables of each GMCA game was measured using different scales, 
composite scores (z-scores) of each test were created. Total GMCA score was computed for 
each case by taking the sum of the z-scores for the four tasks. Results indicate that the total 
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GMCA score (excluding Interception) had excellent test-retest reliability (0.96, p < 0.001, CI 
0.88 – 0.99). Table 5.1 shows the ICC results for each GMCA game with the exclusion of 
Interception.  
 
5.4.2. Descriptive Statistics 
Visual inspections of boxplots indicated the presence of outliers in all GMCA games 
(except Control). Outliers were not excluded from analysis as they were not erroneous and 
were valid reflections of children’s performances in the GMCA games. Skewness and kurtosis 
values (refer to Appendix G) were acceptable for Balance and Control but indicated a heavy 
positive skew for Precision and Swiftness. Additionally, according to Shapiro-Wilk test and 
visual inspection of Q-Q plots, Precision and Swiftness variables were not normally distributed 
(refer to Appendix G). Thus, transformations were carried out using an inversed 
transformation. Transformed variables were used in subsequent analyses. 
 
Table 5.2. Total raw score of GMCA games for boys (n = 135) and girls (n = 118). 
 Pre Post Follow-up 
  Boys Girls Boys Girls Boys Girls 
Balance 5.40 ± 3.16 6.15 ± 3.74 5.71 ± 3.03 6.99 ± 3.73 5.96 ± 3.21 7.30 ± 3.88 
Precision (min) 8.21 ± 3.80 9.33 ± 4.85 6.28 ± 2.59 7.07 ± 4.03 7.19 ± 3.13 8.37 ± 4.47 
Control 8.00 ± 2.70 9.06 ± 2.47 7.67 ± 2.55 8.46 ± 2.66 7.56 ± 2.66 8.14 ± 2.76 
Swiftness (sec) 30.87 ± 6.47 32.73 ± 6.71 29.26 ± 4.33 31.43 ± 6.07 28.40 ± 3.70 30.87 ± 5.95 
Note. All values are presented as M ± SD; M, mean; SD, standard deviation. 
 
Table 5.2 shows the means and standard deviations of GMCA performance scores for 
boys and girls at pre, post and follow-up trials. Figure 5.1 is a graphical representation of the 
raw scores of GMCA games for the whole sample at pre, post and follow-up trials with the 
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general trend showing improvement across time periods. Detailed results of the RM-ANOVA 
for each GMCA game follow.  
 
 
Figure 5.1. Changes in mean raw scores of GMCA games over time.  
Note. SD shown as error bars. 
 
5.4.3. Repeated Measures ANOVA (RM-ANOVA) 
A one-way RM-ANOVA was conducted on each GMCA game to determine changes 
in performance after the five-week “Let’s Move” programme and whether hypothesised 
developmental improvements were retained in the subsequent follow-up trials. While no 
significant three-way interactions (Time x Age group x Sex) were established, there were 





























Time and Age group were significant for all GMCA games. Collectively, results indicated that 
GMCA performance improved with age.  
 
5.4.3.1. RM-ANOVA for Balance 
There was homogeneity of variance (p > 0.05) and sphericity (χ2(2) = 1.38, p = 0.502) 
for the Balance dataset. There was a significant two-way interaction effect of Age group and 
Sex (F(5, 241) = 3.69, p = 0.003, partial η2 = 0.07). Table 5.3 displays the mean Balance scores 
for boys and girls separately in each age group. There was also a significant main effect of 
Time (F(2, 482) = 12.36, p < 0.001, partial η2 = 0.05). 
 
Table 5.3. Balance scores of boys and girls according to age groups. 
  Pre Post Follow-up 
 Age Group Boy Girl Boy Girl Boy Girl 
7 (n = 41) 3.0 ± 2.6 3.4 ± 2.3 3.9 ± 2.0 4.1 ± 2.6 3.7 ± 2.2 4.4 ± 2.4 
8 (n = 43) 3.9 ± 2.9 4.2 ± 3.2 5.0 ± 2.9 5.0 ± 3.1 4.4 ± 2.2 5.3 ± 2.6 
9 (n = 46) 5.8 ± 3.0 5.5 ± 3.0 5.4 ± 2.3 6.8 ± 2.3 5.1 ± 2.5 7.1 ± 2.8 
10 (n = 52) 6.0 ± 2.9 6.6 ± 2.6 5.9 ± 2.9 7.6 ± 3.2 7.0 ± 3.4 7.0 ± 3.3 
11 (n = 43) 5.7 ± 2.9 9.6 ± 2.2 6.3 ± 3.4 10.5 ± 2.9 6.7 ± 2.8 11.1 ± 3.0 
12 (n = 28) 8.2 ± 2.7 9.4 ± 4.7 8.3 ± 3.4 9.5 ± 4.2 9.3 ± 3.2 10.7 ± 4.5 
Total  5.4 ± 3.2 6.2 ± 3.7  5.7 ± 3.0 7.0 ± 3.7 6.0 ± 3.2 7.3 ± 3.9 
Note. All values are presented as M ± SD; M, mean; SD, standard deviation. 
 
Simple main effects of interaction and post hoc test. There was a significant interaction 
effect of Age group x Sex (F(5, 241) = 3.69, p = 0.003, partial η2 = 0.07), thus simple main 
effects tests were conducted. The simple main effects of Age group was significant for both 
boys (F(5, 241) = 9.07, p < 0.001, partial η2 = 0.16) and girls (F(5, 241) = 22.05, p < 0.001, 
partial η2 = 0.31). Figure 5.2 shows the estimated marginal means for each age group for both 
boys and girls. Post hoc pairwise comparisons indicate that for boys, balance scores were 
statistically different between 7 years compared to 10-12 years; 8 years compared to 12 years 
142 
 
only; 9 years compared to 12 years only; 10 years compared to 7 and 12 years; 11 years 
compared to 7 years; 12 years compared to 7-11 years (p < 0.05). For girls, the balance scores 
between age groups were statistically different for 7 years compared to 9-12 years; 8 years 
compared to 10-12 years; 9 years compared 7 and 11-12 years; 10 years compared to 7-8 and 
11-12; 11 years compared to 7-10 years; 12 years compared to 7-11 years (p < 0.05).  
 
 
Figure 5.2. Estimated marginal means of Balance scores against Age group and Sex. 
Note. Points on the graph that are not solid indicated a significant difference (p < 0.05) between sexes. 
 
The analysis of the simple main effects of Sex was performed with statistical 
significance receiving a Bonferroni adjustment and being accepted at the p < 0.025 level. The 
simple main effects for Sex was only significant for the 11 year old age group (F(1, 241) = 
31.59, p < .001, partial η2 = 0.12; see Figure 5.2). Post hoc pairwise comparisons revealed that 
in the 11-year-old age group, girls performed significantly better in Balance (M = 4.16, CI 2.70 






























Main effects and post hoc test. The significant main effect of Time (F(2, 482) = 12.36, 
p < 0.001, partial η2 = 0.05) was followed-up with a post hoc analysis with Bonferroni 
adjustment. Results indicated that although balance performance improved across the three 
trials (see Figure 3.1), the differences were only significant from pre to post trials (M = 0.59, 
CI 0.15 – 1.03, p < 0.05) and when comparing pre to follow-up trials (M = 0.89, CI 0.44 – 1.34, 
p < 0.001). Difference between post to follow-up trials were not significant (M = 0.30, CI -0.12 
– 0.72, p = 0.26). 
 
 
Figure 5.3. Estimated marginal means of Balance performance across time periods.  
Note. Dashed lines indicate significant differences (p < 0.05) between time periods. 
 
5.4.3.2. RM-ANOVA for Precision 
After the transformation of the Precision dataset, homogeneity of variances as assessed 
by Levene's test was significant only for the post (p = 0.22) and follow-up (p = 0.15) trials but 
not the pre-practice trial (p = 0.003). The assumption of sphericity as assessed by Mauchly's 





























a significant Age group x Time interaction (F(10, 482) = 2.28, p = 0.013, partial η2 = 0.05). 
Main effects of Sex were not significant (F(1, 241) = 0.56, p = 0.455, partial η2 = 0.002). Table 
5.4 display the Precision scores across age groups. 
 
Table 5.4. Precision scores according to age groups for all time periods. 
Age Group (years) Pre Post Follow-up 
7 (n = 41) 12.88 ± 4.44 9.96 ± 4.04 11.69 ± 4.80 
8 (n = 43) 10.22 ± 4.50 7.63 ± 3.61 9.25 ± 4.49 
9 (n = 46) 8.65 ± 3.78 6.77 ± 2.63 7.66 ± 2.50 
10 (n = 52) 7.72 ± 3.34 5.81 ± 2.54 6.67 ± 2.70 
11 (n = 43) 6.48 ± 3.39 4.95 ± 1.73 5.59 ± 1.51 
12 (n = 28) 5.83 ± 2.18 4.25 ± 1.39 5.11 ± 1.15 
Total sample 8.73 ± 4.35 6.65 ± 3.35 7.74 ± 3.85 
Note. All values are presented as M ± SD; M, mean; SD, standard deviation. 
 
Simple main effects of interaction and post hoc test. There was a statistically significant 
Age group x Time interaction (F(10, 482) = 2.28, p = 0.013, partial η2 = 0.05) on Precision 
scores. Therefore, simple main effects were run. The simple main effects of Age group (see 
Figure 5.4) were statistically significantly at each time period; pre-practice (F(5, 241) = 20.38, 
p < 0.001, partial η2 = 0.30), post-practice (F(5, 241) = 25.39, p < 0.001, partial η2 = 0.35) and 
follow-up (F(5, 241) = 24.90, p < 0.001, partial η2 = 0.34).  
Post hoc pairwise comparisons for Age group show that in the pre-practice trials, 
Precision scores between age groups were statistically different for 7 years compared to 9-12 
years; 8 years compared to 11-12 years; 9 years compared 7 and 11-12 years; 10 years 
compared to 7 and 11-12 years; 11 years compared to 7-12 years; 12 years compared to 7-10 
years (p < 0.05). In the post and follow-up trials, post hoc results for differences between age 
groups are the same. Precision scores were statistically different for 7 years compared to 9-12 
years; 8 years compared to 10-12 years; 9 years compared to 7 and 11-12 years; 10 years 
compared to 7-8 and 12 years; 11 years compared to 7-9 years; 12 years compared to 7-10 
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years (p < 0.05). Overall, the results indicated that increasing age group demonstrated increased 
performance (denoted with faster completion times) in Precision.  
 
 
Figure 5.4. Precision performance across time for all age groups.  
Note. Dashed lines indicate significant difference (p < 0.05); Solid lines indicate that the difference between 
time periods is not significant. 
 
 
The multivariate simple main effect test of time was significant in every age group ; 7 
years, (F(2, 240) = 8.81, p < 0.001; Wilks' Λ = 0.93; partial η2 = 0.07); 8 years, (F(2, 240) = 
18.65, p < 0.001; Wilks' Λ = 0.87; partial η2 = 0.13); 9 years, (F(2, 240) = 11.56, p < 0.001; 
Wilks' Λ = 0.91; partial η2 = 0.09); 10 years, (F(2, 240) = 31.95, p < 0.001; Wilks' Λ = 0.79; 
partial η2 = 0.21); 11 years, (F(2, 240) = 20.83, p < 0.001; Wilks' Λ = 0.85; partial η2 = 0.15) 


































Post hoc pairwise comparisons based on the estimated marginal means revealed 
significant differences (see Figure 5.4) in performance from pre to post trials for all age groups 
(p < 0.001). In the post to follow-up trials, although there was an increase in completion times 
for all age groups, differences were only statistically significant for the 8, 9, 10 and 11 year age 
groups (p < 0.05). Performance in Precision improved (denoted with faster times) in follow-up 
compared to pre-practice trials for all age groups, but significance was only reached for the 10-
year-old age group (p = 0.001). 
 
Main effects and post hoc test. Although boys had better mean Precision scores in all 
time periods (pre, post and follow-up), the main effect of Sex was not significant (F(1, 241) = 
0.56, p = 0.455, partial η2 = 0.002). Hence, no post hoc test was conducted.  
 
5.4.3.3. RM-ANOVA for Control 
Levene’s test indicated that variance was not equal (p < 0.05) although the assumption 
of Mauchly's test of sphericity was met (χ2(2) = 1.01, p = 0.605). There were no significant 
interaction effects. However, there were significant main effects of Time (F(2, 482) = 8.54, p 
< 0.001, partial η2 = 0.04), Age group (F(5, 241) = 33.16, p < 0.001, partial η2 = 0.41) and Sex 
(F(1, 241) = 16.57, p < 0.001, partial η2 = 0.06).  
 
Main effects and post hoc test. Post hoc analysis for the main effect of Time for the 
total sample revealed that although there was a decrease in the estimated marginal means of 
the total number of balls used across time periods (see Figure 5.5), the decrease was only 
significant from pre to post (M = -0.42, CI -0.82 – -0.02, p = 0.04) and from pre to follow-up 
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(M = -0.61, CI -1.03 – -0.19, p = 0.002). The decrease from post to follow-up was not 




Figure 5.5. Estimated marginal means for Control across time periods.  
Note. Dashed lines indicate a significant difference (p < 0.05); Solid lines indicate that the difference between 
time periods is not significant. 
 
Post hoc pairwise comparisons for the main effect of Sex were conducted. Standardised 
estimates of means, showed that boys used significantly lesser balls (M = -0.68, CI -1.11 – -


































Figure 5.6. Estimated means of Precision scores for all time periods.  
Note. A lower score is indicative of better performance; SE shown as error bars. 
 
Figure 5.6 displays the estimated marginal means across time periods for each age 
group. Post hoc pairwise comparisons for the main effect of Age group revealed that difference 
was statistically different for 7 years compared to 9-12 years; 8 years compared to 11-12 years; 
9 years compared 7 and 11-12 years; 10 years compared to 7 and 11-12 years; 11 years 
compared to 7-10 years; 12 years compared to 7-10 years (p < 0.001).  
Results from the present analysis suggest the presence of a floor-effect in the current 
version of Control which remained present in all time periods. Presence of a floor-effect is 
further substantiated due to these reasons; first, the presence of the small main effect of Time 
(partial η2 = 0.04) for the RM-ANOVA; indicating that performance did not change much 
across all time periods. Second, frequency charts showed that in all trials, a majority of the 
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Control score5. Together with the unequal variance highlighted during assumptions testing, 
collectively, these indicators suggest that the Control game in its current form had a floor-effect 
and was too difficult for the sample. In view of that, results must be interpreted with caution.  
 
5.4.3.4. RM-ANOVA for Swiftness 
With the transformed data of Precision, there was homogeneity of variances (p > 0.05). 
The assumption of sphericity was violated (χ2(2) = 11.24, p = 0.004). Therefore, a Greenhouse-
Geisser correction was applied (ε = 0.96) to correct the RM-ANOVA. With the inverse 
transformed data, there was a significant two-way interaction effect of Age group x Sex (F(5, 
241) = 2.35, p = 0.04, partial η2 = 0.05). Table 5.5 shows the mean and standard deviations of 
Swiftness scores according to age group and sex for all time periods. There was also a 
significant main effect of Time (F(1.91, 460.91) = 36.68, p < 0.001, partial η2 = 0.13). 
 
Table 5.5. Swiftness scores of boys and girls according to age groups. 
 Pre Post Follow-up 
Age Group  Boy Girl Boy Girl Boy Girl 
7 (n = 41) 38.9 ± 11.5 38.0 ± 6.4 33.2 ± 4.1 36.3 ± 4.9 32.6 ± 3.7 35.9 ± 6.3 
8 (n = 43) 31.0 ± 4.3 36.2 ± 6.4 31.0 ± 5.5 34.4 ± 7.7 29.2 ± 4.0 33.9 ± 7.6 
9 (n = 46) 30.0 ± 3.6 32.8 ± 6.9 28.4 ± 3.6 31.4 ± 5.2 27.9 ± 3.2 30.3 ± 3.5 
10 (n = 52) 29.7 ± 4.5 31.0 ± 4.7 28.4 ± 3.8 30.2 ± 3.9 27.6 ± 3.5 28.6 ± 2.9 
11 (n = 43) 29.2 ± 3.7 27.7 ± 2.9 28.7 ± 3.3 26.9 ± 2.2 26.9 ± 2.7 26.9 ± 2.4 
12 (n = 28) 27.2 ± 2.6  28.3 ± 5.3 26.2 ± 2.0 27.0 ± 4.2 27.0 ± 1.7 27.7 ± 4.3 
Total 30.9 ± 6.5 32.7 ± 6.7 29.3 ± 4.3 31.4 ± 6.1 28.4 ± 3.7 30.9 ± 6.0 
Note. All values are presented as M ± SD; M, mean; SD, standard deviation. 
 
Simple main effects of interaction and post hoc test. There was a statistically significant 
interaction between Age group and Sex on Swiftness scores (see Figure 5.7). The simple main 
                                                 





effects test for Age group was significant for both boys (F(5, 241) = 10.13, p < 0.001, partial 
η2 = 0.17) and girls (F(5, 241) = 19.68, p < 0.001, partial η2 = 0.29). Post hoc pairwise 
comparisons reveal that for boys, Swiftness performance between age groups was statistically 
different for 7 years compared to 8-12 years; 8 years compared to 7 and 12 years; 9 years 
compared to 7 years only; 10 years compared to 7 years only; 11 years compared to 7 years 
only and 12 years compared to 7-8 years. For girls, the difference between age groups was 
significant for 7 years compared to 9-12 years; 8 years compared to 10-12 years; 9 years 
compared to 7, 11-12 years; 10 years compared to 7-8 years; 11 years compared to 7-9 years 
and 12 years compared to 7-9 years. 
 
 
Figure 5.7. Estimated marginal means of Swiftness scores against Age group and Sex. 
Note. Points on the graph that are not solid indicated significant difference between sexes. 
 
The simple main effect test of Sex was only significant in the 8 year old (F(1, 241) = 






























η2 = 0.03). Post hoc pairwise comparisons show that boys performed better (recorded faster 
times) than girls in the 8 (p = 0.001) and 9 year old age group (p = 0.012) respectively.  
Main effects and post hoc test. The significant main effect of Time was followed-up 
with post hoc analysis with a Bonferroni adjustment. Results show that performance in 
Swiftness improved significantly at each time period (see Figure 5.8). Swiftness scores, which 
are a reflection of task completion times were significantly different when comparing pre to 
post (p < 0.001), post to follow-up (p = 0.006) and pre to follow-up (p < 0.001) trials.  
 
 
Figure 5.8. Estimated marginal means of Swiftness scores from all time periods.  
Note. Dashed lines indicate a significant difference (p < 0.05) between time periods. 
 
5.4.4. Correlations between Game Performance and Movement Competence 
Pearson (r) correlation analysis was conducted to investigate the relationship between 
each GMCA game to total GMCA score (as a representation of general movement 






























score was first transformed into a z-score. The total GMCA score represents general movement 
competence and is a summation of z-scores from all GMCA games.  
 













Pre            
Total GMCA Z-score 1 0.78 -0.82 -0.73 -0.79 
Balance Z-score   1 -0.56 -0.36 -0.50 
Precision Z-score     1 0.47 0.52 
Control Z-score       1 0.44 
Swiftness Z-score         1 
Post           
Total GMCA Z-score 1 0.78 -0.81 -0.73 -0.80 
Balance Z-score   1 -0.50 -0.42 -0.50 
Precision Z-score     1 0.45 0.57 
Control Z-score       1 0.41 
Swiftness Z-score         1 
Follow-up           
Total GMCA Z-score 1 0.77 -0.83 -0.70 -0.80 
Balance Z-score   1 -0.53 -0.39 -0.49 
Precision Z-score     1 0.42 0.64 
Control Z-score       1 0.36 
Swiftness Z-score         1 
Note. All correlations are significant at p < 0.01 level (2-tailed). 
 
Results from the correlation analysis between individual GMCA games to total GMCA 
score (see Table 5.6) for each time period indicate significantly moderate to strong correlations 
(r, 0.36 – 0.83, p < 0.01). Furthermore, correlations between GMCA games and total GMCA 
score remain consistent across pre, post and follow-up trials (see Figures 5.9 – 5.12). Figures 
5.9 – 5.12 are scatterplots of various GMCA games against total GMCA score for all three time 





Figure 5.9. Scatterplot of Balance against total GMCA score for all time periods. 
 
 
Figure 5.10. Scatterplot of Precision against total GMCA score for all time periods. 
 
   Time periods 
o Pre trial 
o Post trial 
o Follow-up trial 



































-15.0                      -10.0                       -5.0                          .0                           5.0                        10.0                       15.0 










   Time periods 
o Pre trial 
o Post trial 
o Follow-up trial 








































-15.0                      -10.0                       -5.0                          .0                           5.0                        10.0                       15.0 




Figure 5.11. Scatterplot of Control against total GMCA score for all time periods. 
 
 
Figure 5.12. Scatterplot of Swiftness against total GMCA score for all time periods. 
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The purpose of this study was to determine the responsiveness of the newly developed 
GMCA. Specifically, whether it was sensitive in detecting development changes in movement 
competence over time. Notably, the responsiveness or sensitivity of any measurement tool to 
detect change is a crucial aspect of its validity (Hays & Hadorn, 1992). The GMCA was used 
to assess movement competence of children aged 7 – 12 years old over three separate time 
periods (i.e., pre, post and follow-up trials). Overall, results indicated that performance 
improved over time. General movement competence correlated with increasing age and was 
influenced by sex for some GMCA games. 
Studies tracking performance after interventions typically report a decline in follow-up 
trials (Robinson, Veldman, Palmer, & Okely, 2017; Veldman, Palmer, Okely, & Robinson, 
2017). For the results of the present study, only the results of Precision shared that similar trend 
in which there was a significant decline in performance in the follow-up trial. In all the other 
GMCA games, performances continued to improve. However, the performance increase in 
follow-up trials was only significant for Swiftness. The post-practice and follow-up trials were 
taken eight weeks apart from each other and coincided with the summer holidays of the school. 
The continued improvement in the performance of the GMCA games, Balance, Control and 
Swiftness, could be interpreted in two ways. First, compared to the rest of the year, children 
typically spend the most time outdoors in summer (Tucker & Gilliland, 2007). Specific to the 
southern hemisphere, Carson and Spence (2010) reported that children and youth between 5 – 
18 years old are most physically active in summer. Hence, the increased movement experiences 
through increased physical activity patterns may have had an influence on the improvements 
seen during the follow-up trials of the GMCA. Moreover, the greater exposure to a broader 
range of activities in summer (e.g., camping, tramping, surfing, etc.) compared to what is 
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typically experienced in the other months of the year could have further contributed to the 
recorded improvements.  
A second interpretation is that the continued improvement may be an indication of the 
presence of a learning effect. A learning effect is described as an improving performance with 
repeated exposures to an activity. In this case, participants’ engagement with the GMCA. This 
interpretation may be plausible through visual inspection of the scatterplots (at pre, post and 
follow-up) of the correlations between GMCA games and total GMCA score. Visually, it is 
noted that the scatterplots tighten its spread over time (see Figures 5.9 – 5.12). The presence of 
a learning effect implies that the current duration for familiarisation trials may need to be 
extended to negate the learning effects. A potential problem of increasing the familiarisation 
duration would be the increase in total administration time of the GMCA, especially if it is 
used in larger cohorts such as in schools. Recent movement assessments validated for use in 
schools, such as CAMSA (Longmuir et al., 2017) are completed in approximately 25 minutes 
for 20 children. Notably, lengthy administration durations have been raised as a limitation in 
some movement assessment batteries (Cools et al., 2009).  
 
5.5.1. Age-relatedness of GMCA Performance 
In all GMCA games, there were significant effects of age group, thus, indicating that 
performance in the GMCA games improved with increasing age. In three of the GMCA games, 
Balance, Precision and Control, the 7 and 8-year-old age groups showed no significant 
performance differences between each other. This finding is similar to Logan and colleagues 
(2014b) who also found no differences in performance for 7 – 8-year-olds in a comparison of 
movement competence using two different assessments. They suggest that discrimination 
between levels of movement competence become more apparent as children age.  
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An interesting result for Swiftness was that after the 9-year-old age group for boys and 
10-year-old age group for girls, performance in Swiftness were no longer significantly different 
compared to the older age groups. This finding suggests that locomotor performance remain 
variable until 9 – 10 years of age. A similar trend is found with the Balance results, where 
regardless of sex, there is no significant difference in performance between 10 and 11-year-
olds. Both the results seemingly indicate a consolidation period at approximately 10 – 11 years 
old. Statistically significant difference then ensues after 11 years old. This result is somewhat 
similar to Nolan and colleagues (2005), who suggests that children develop greater balance 
control from between 12 -13 years old compared to the years before.  
Collectively, the results from this study suggest that in the early years (7 – 9 years), 
children are still developing their movements through the sampling of a range of movement 
activities and building movement experiences. Thus, for this age range, there is no significant 
difference in performance. It would be essential at this stage to ensure that children continue 
to participate in varied movement experiences that would influence their adaptability in 
different movement situations (Clark & Metcalfe, 2002; Rudd et al., 2016).  
From ages 9 – 10 years, results from this study suggests that movement skills seem to 
consolidate. Seemingly, the movement competence of children after 10 – 11 years of age 
reaches another level, which is significantly different from the age groups before. It may 
indicate that the critical period of development is before the ages of 10 – 11, which is typically 
described as the end of middle childhood and the start of the prepubescence years (Gallahue & 
Ozmun, 2006). Crucially, gaining a better understanding of the ages which movement 
competence seem to stabilise is important for planning of programmes for intervention and 
talent identification (Vandorpe et al., 2012). 
158 
 
In the early years, the range of movement competence of children is varied (Shumway-
Cook & Woollacott, 1985). Results from the present study show that variability in movement 
performance is initially large but shrink as age increases. Relating that finding to the proposal 
of this thesis that movement competence resides across a spectrum, the results of the present 
study suggest that the spread of movement competence across the spectrum is wide in younger 
children and narrows as children age due to the compounding effects of varied movement 
experiences over the years amounting to greater movement competence.  
 
5.5.2. Sex Variation in GMCA Performance 
The results of the present study suggest that at 7 – 12 years of age, movement 
competence between boys and girls are mostly similar. There was no sex difference in 
Precision. Although significant sex differences were found for Balance and Swiftness, the 
differences were only significant for one or two age groups depending on the GMCA game. 
For the Balance game, only one age group had a significant difference between the sexes; the 
11-year-old age group, with a medium effect size (partial η2 = 0.12). Two age groups had 
significant performance differences for Swiftness; the 8 and 9-year-old age group with small 
effect sizes (partial η2) of 0.04 and 0.03 respectively. There were no interaction effects for 
Control, but the main effect of sex was significant, albeit with a fairly small effect size (partial 
η2 = 0.06). Coupled with the marginal insignificant differences in the mean scores of the 
GMCA games between boys and girls, collectively, the evidence for a significant difference in 
performance based on sex is relatively weak.  
The various assessment tasks of the GMCA were purposefully designed to ensure that 
there were no obvious associations to any sport which have generally shown to have a potential 
sex-bias (Larsson & Quennerstedt, 2012). Notwithstanding, empirical evidence generally 
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report a sex difference in performance, particularly for certain movement constructs. Girls 
purportedly fare better in stability tasks while boys reportedly fare better in object-control 
tasks. The evidence is mixed regarding a sex-bias in movements related to the locomotor 
construct (Bolger et al., 2018; Thomas & French, 1985).  
For all movements, variations in movement action change the centre of mass of 
individuals. Thus, the ability of individuals to respond to this change is vital. Balance or 
postural control is a complex process made possible by intricate interactions between various 
systems of the body such as the vestibular, visual and sensorimotor control (Steindl, Kunz, 
Schrott-Fischer, & Scholtz, 2006). In the GMCA game Balance, there were three stages; and 
each specified balance pose had to be held for 3 seconds before another balancing pose was 
automatically specified 10 seconds later. As specified balance poses kept changing, individuals 
constantly had to adapt to the changes in their centre of mass, trying as fast as possible to 
maintain equilibrium to hold the balance before the next balance pose was specified. Notably, 
this placed a greater task demand on individuals to maintain their balance. Interestingly, in 
balances with greater task demands, reaction time has been shown to associated with the ability 
to maintain balance equilibrium (Hatzitaki, Zlsi, Kollias, & Kioumourtzoglou, 2002) which 
further substantiates the perspective adopted in this thesis that observed movements represent 
the elaborate interactions and interdependence between all constructs of movement.  
The youngest children in this study were 7 years old, which has been suggested as the 
age in which balance control become similar to adult responses from various sensory inputs 
(Riach & Hayes, 1987; Shumway-Cook & Woollacott, 1985).  However, many studies report 
that girls have better stability competence than boys (Geldhof et al., 2006; Nolan et al., 2005; 
Steindl et al., 2006). Plausible explanations as to why girls may have better stability 
competence stemming from new evidence suggest that boys, in particular, may still be 
developing aspects of sensorimotor control even at 12 – 13 years of age (Nolan et al., 2005). 
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Specific to the results of the present study, for Balance, although girls had marginally better 
mean scores across age groups, differences were only significant for the 11-year-olds (partial 
η2 = 0.12; medium effect). Thus, in terms of the balance tasks of the GMCA, balance 
competence between the sexes were mostly similar due to the insignificant difference across 
all of the age groups, except for the 11-year-olds. 
The object-control construct of the GMCA comprised of variables from both Control 
and Precision games. Boys consistently performed better than girls at pre, post and follow-up 
trials in Control. In Control, individuals aimed to juggle a virtual ball as long as possible 
without losing control of it for the duration of the game. A new ball appeared whenever a ball 
was juggled out of control. Notably, juggling and keeping control of the virtual ball between 
both hands share similar characteristics with the skill of a one-hand catch, where visual tracking 
and action for a hand need to coordinate to achieve success in the outcome goal. A previous 
study conducted by Fischman and colleagues (1992) investigated the difference between the 
sexes for a one-handed catch. In their study with a sample of a similar age range (5 – 12 years 
old), balls were tossed in four directions, namely at the waist level, towards the shoulder, above 
the head and out to the side of the body from a distance 9 feet away. They found that across 
conditions, boys consistently caught more balls then girls. Generally, past studies have 
indicated that boys generally have better object-control skills as compared to girls (Barnett, 
Ridgers, & Salmon, 2015b; Fischman et al., 1992; Robinson et al., 2017). In contrast, 
performance in Precision revealed no statistical difference in performance between the sexes. 
The mixed results do not present substantial evidence to suggest a performance difference 
based on sex for GMCA tasks associated with the object-control construct. 
Results from the present study indicated that in Swiftness (the task most associated with 
locomotion construct), there were significant difference in performance between the sexes, 
except for the 8 (p = 0.001) and 9 (p = 0.012) year old age groups and with relatively small 
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effect sizes of partial η2 0.04 and 0.03 respectively. Marginal mean differences were present 
when examining the mean scores between boys and girls. Boys had marginally better mean 
scores in the 10 and 12-year-old age groups, while girls had marginally better scores for the 7 
and 11-year-old age groups. Thus, taken as a whole, with the mixed results of mean differences 
and the relatively small effect sizes of statistically significant differences, it can be concluded 
that the tasks in Swiftness were fairly neutral and did not bias either sex. 
In Swiftness, there was no defined locomotion to use. Individuals had the choice of any 
preferred locomotor movement type to use in order to achieve the task goal (to position 
themselves in the designated squares in the shortest possible time). Similar to the results of the 
present study, empirical evidence regarding sex differences in locomotor tasks are also 
inconsistent (Barnett et al., 2010; Haubenstricker et al., 1997). Some authors suggest that if 
there are significant performance differences between the sexes that it may be attributed to 
factors such as weight (Okely & Booth, 2004). Notably, Swiftness incorporates changes in 
directions (vertically, forwards and backwards; horizontally, left and right, as well as 
diagonally) in its design. Thus, quicker bursts of movement (speed) and agility would be 
beneficial to performance regardless of the adopted locomotor movement type. The inclusion 
of elements such as speed and agility (which have been traditionally classified as fitness 
components) was acknowledged in study one (see Chapter 3). In the literature with reference 
to speed and agility skills, boys have shown to perform better comparatively (Gallahue & 
Ozmun, 2006; Papaiakovou et al., 2009; Wrotniak, Epstein, Dorn, Jones, & Kondilis, 2006). 
This may serve to offer a plausible explanation for the significant sex differences found for the 
8 and 9-year-old age groups, where boys performed significantly better. Importantly, regardless 
of differences, Barnett and colleagues (2010) suggest that there are no associations between 
childhood and adolescent locomotor competence, which indicates that locomotor competence 
should be developed continually as a child ages. 
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Despite the results indicating some statistically significant differences in performance 
between the sexes, the effect sizes ranged from small (for Control and Swiftness) to medium 
(for Balance) and importantly, were only apparent in some age groups (see Section 5.4.3). The 
overall trend of the data suggests instead that the differences in performance between boys and 
girls on GMCA tasks do not differ much. It is important to note that at 7 – 12 years old, girls 
and boys are physically similar with little differences between them biologically (Gallahue & 
Ozmun, 2006), thus, from a biological perspective, there should not be differences in 
movement competence between the sexes. Unfortunately, despite the suggestion of there being 
no significant biological difference, due to environmental factors, boys are more inclined 
towards being more active and thus, engaged in more sports-based activities. Consequently, 
this gives them an advantage over girls in object-control skills (Barnett et al., 2015b; Fischman 
et al., 1992; Robinson et al., 2017). 
It is perhaps crucial for children and their significant adults (e.g., parents, teachers, 
coaches, etc.) to understand that the performance differences that are reportedly existing 
between the sexes in stability, locomotion and object-control tasks (Barnett et al., 2010; Hardy 
et al., 2010; Stodden et al., 2008; Thomas & French, 1985) have mainly been attributed to 
environmental factors. Specifically, factors such as socialisation which is heavily influenced 
by family and peers may limit the opportunity for certain movement activities (Garcia et al., 
1995; Greendorfer & Lewko, 1978; Thomas & French, 1985; Wright & Burrows, 2006). As a 
result, it may disadvantage an individual’s development of movement competence across all 
constructs.  
It is significant that the gap between the sexes for sports participation is narrowing. 
Specific to Canadian children, Clark (2008) reported that although boys from 5 – 10 years old 
participated in more sports, girls’ participation in traditionally male-dominated sports such as 
rugby, hockey and football are increasing. Moreover, a recent 2017 participation survey 
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released by Sport New Zealand indicated no sex differences in both competitive and non-
competitive sport participation for children (Sport New Zealand, 2018). These are positive 
indications of a more balanced sampling of varied movement experiences for both girls and 
boys during their developmental years. A balanced approach towards the development of 
movement competence is necessary regardless of sex. This is recommended through 
opportunities for children to engage in a wide variety of movement experiences in both 
structured and unstructured activities (Ng & Button, 2018; Rudd et al., 2016; Seifert et al., 
2013). Importantly, engagement and exploration in varied movement experiences allow 
individuals to be better attuned to their action-capabilities that inform decisions for action 
which in turn develops movement adaptability; all of which are critical elements of movement 
competence (Araujo, Davids, & Hristovski, 2006; Davids et al., 2006b; Franchak et al., 2010).  
 
5.5.3. Potential of Video Game Technology to Assess Movement 
The hypotheses for this study were supported. The GMCA was responsive in detecting 
changes in movement competence over time for the study sample. It was also established that 
performance was related to age and that sex variations were present in some games, specific to 
certain age groups. 
From an educational perspective, the ease of operating the GMCA, without the need 
for specialised training of assessors allows it to be adopted in the school setting. A concern 
raised by generalist classroom teachers in teaching and assessing movement is the lack of 
content knowledge that has also been notably expressed as a barrier in PE (Morgan & Hansen, 
2007; Morgan & Hansen, 2008). Due to teacher perceptions of assessments being tedious, 
difficult and time-consuming, monitoring and assessment of movement competence are 
neglected or ignored (Morgan & Hansen, 2007). Another concern teachers raised regarding 
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monitoring and assessment of movement competence is the perception that it takes away the 
“fun” of PE (Morgan & Hansen, 2007). The AVG format adopted by the GMCA is engaging. 
Furthermore, children perceive that the use of AVGs can aid their movement development 
(Barnett et al., 2014). Other than the Microsoft Kinect system, the GMCA only requires an 
administrative space of less than 4.5 x 3 m (inclusive of the distance between Kinect and play 
area). Notably, this eases administration constraints of equipment (resource), test area, setup 
time as well as the high costs associated with some validated movement assessment batteries 
(Cools et al., 2009) (see Table 1.1). The GMCA also provides an indoor alternative to PE when 
the weather is not suitable for outdoor activities. 
Total test duration of the GMCA took no more than 20 minutes and even lesser time to 
complete for older children. This test duration is less than other validated clinical assessments 
that also require trained assessors to administer (Cools et al., 2009; Wiart & Darrah, 2001). In 
comparison to a newer movement assessment like the CAMSA (Longmuir et al., 2017) which 
can assess 20 children in 25 minutes, the GMCA would not be choice, especially at this point 
where the GMCA is less well suited to administer amongst groups of children. 
Notwithstanding, the CAMSA assesses movement competence via an obstacle course format 
while the GMCA utilises an AVG format. Moreover, the CAMSA still measures movement 
quality based upon an ideal pattern which notably penalises individuals whose movement 
responses differ but is representative of the unique characteristic of the individual. With the PE 
fraternity increasingly embracing the technological age (Lambert, 2016), the GMCA presents 
itself as an alternative assessment tool that can supplement other sources of information that 
describe general movement competence. 
There have been concerns as to whether results from AVGs are validly transferrable to 
real-world applications (Barnett et al., 2015a) since individuals, although physically moving, 
are actually engaging in virtual tasks. Of particular concern in utilising AVG to assess 
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movement is its objectivity. Specifically, in assessing object-control skills since tactile 
feedback is absent. Notably, the mastery of object-control skills involves the complex 
interaction between perceptual and sensorimotor skills (Fischman et al., 1992). The results 
from the present study indicate that even with the lack of tactile feel, children were still able to 
achieve the outcome goals.  
The results of this present study validate the GMCA’s ability in tracking developmental 
changes and hence substantiates its objectivity in assessing children’s movement competence. 
It supplements growing evidence that emphasises the potential of harnessing technology to aid 
the development and assessment of movement (Page et al., 2017; Reynolds et al., 2014; Xu & 
Zhong, 2018). Crucially, the consistent findings of the results from the present study and the 
literature highlight the objectivity and transferability of results from the GMCA as indicative 
of actual movement competence. 
 
5.5.4. Strengths, Limitations and Future Directions 
5.5.4.1. Strengths 
The strengths of this study include the large sample size (and associated power analysis) 
and the inclusion of the broad age ranges that are typical of primary school-going aged children 
in many countries. Out of a total of 285 students that fit the specified age range of the study, 
260 responded, and 253 students completed all trials (1 excluded and 6 dropped out). Initial 
power calculations indicated a minimum sample size of 200 participants. Thus, the sample of 
253 was more than adequate to draw conclusions from the study. Another merit of the study is 
having the same specialist PE teacher facilitate all practice sessions of the “Let’s move” 
programme across grade levels. Not only does the specialised PE pedagogical knowledge aid 
the effectiveness of the practice sessions it also ensured that consistency was maintained in 
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lesson content delivery as well as the pedagogical approaches utilised (Morgan & Hansen, 
2007; Starc & Strel, 2012).  
 
5.5.4.2. Limitations 
There are some limitations to this study. Particularly for Control, results should be 
interpreted with caution due to the potential presence of a floor-effect. This may be in part due 
to the majority of the sample scoring poorly in all trials despite slight improvements being 
made across time periods (partial η2 = 0.04). The presence of a floor effect impacts predictive 
validity which in the context of the GMCA, is the extent to which performance in Control could 
predict general movement competence (Cronbach & Meehl, 1955). Thus, the tasks in Control 
may need to be simplified, or the duration of the game may need to be extended to negate the 
floor effects. Next, the aim of this study was to investigate the sensitivity of the GMCA at 
detecting changes in movement competence. It was not an objective of the study to examine 
the efficacy of the “Let’s move” programme which comprised of activities aimed at the 
development of dexterous competence. Therefore, although a series of practice sessions were 
purposefully planned and facilitated by a specialist PE teacher, it is worth noting that 
conclusions regarding the efficacy of the programme should be interpreted with caution as the 
study did not have a control group for these two reasons. First, with the programme taking 
place during the regular PE lessons of the school, it would not have been ethical to segregate 
participants into an intervention and control group. Furthermore, due to the limited time 
allocated by the school for the research study, a cross-over experimental design was not 
feasible. Second, the reasonably small-sized cohort per grade level of the participating school 
meant that PE lessons were taught by the grade levels. Thus, faced with this administrative 
constraint, it would not have been possible to split the grade level into two groups (i.e., an 
intervention and control group) as it would have placed constraints on teacher resource 
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allocation. Lastly, the GMCA game, Interception failed the test-retest reliability due to a 
negative covariance in part due to the small sample size of the pilot study (Guttman, 1945). 
The negative covariance suggests that the Interception variables were not consistent with each 
other and therefore, not suited to parametric statistics (LeBreton & Senter, 2008). Thus, it had 
to be excluded, at least from the statistical analysis employed for this study. Outcome variables 
from Interception had defined the dexterity construct. Therefore, future work is necessary for 
further validation of the GMCA either through the use of non-parametric analysis or through 
modifications to the present Interception scales.  
 
5.5.4.3. Future Directions 
At present, there is no gold standard for an assessment tool measuring movement 
competence (Cools et al., 2009; Giblin et al., 2014). Notwithstanding, to further examine how 
well the GMCA’s measurement of movement competence correlates to other validated 
measurements, examining its concurrent validity remains an important aspect to pursue in order 
to establish the validity of the GMCA further. For example, although newer assessments like 
the CAMSA (Longmuir et al., 2017) are not without their limitations (see Section 3.2), 
developers are making commendable attempts to acknowledge the important role of 
perceptual-motor calibration in the description of movement competence. Accordingly, 
CAMSA (Longmuir et al., 2017) and other assessments such as FMS-POLYGON (Žuvela et 
al., 2011) provide opportunities in their assessment design that allow individuals to 
demonstrate their ability to combine and adapt movements in response to the affordances of a 
dynamic environment. Thus, the GMCA could potentially be compared against movement 
assessments such as CAMSA (Longmuir et al., 2017) and FMS-POLYGON (Žuvela et al., 
2011). Notably, this recommendation is made not just for the CAMSA and FMS-POLYGON’s 
perspective that allows individuals to demonstrate movement adaptability but specifically for 
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FMS-POLYGON with its adoption of a quantitative assessment approach that does not define 
“ideal” movement solutions that individuals are assessed against. A concurrent validity study 
against such a tool would provide further evidence of the GMCA’s ability to accurately 
describe movement competence of individuals based upon individuals’ performance with 
dynamic tasks that allow individuals to combine, adapt and refine movement response based 
on constraints of task and environment. 
Lastly, in light of more research adopting novel methods from the use of technology, 
future studies should investigate the effectiveness of GMCA as a potential learning or 
intervention tool, especially since the use of AVGs is particularly effective in clinical 
populations (Page et al., 2017). 
 
5.6. Conclusions 
The GMCA assesses movement competence via a series of AVGs where individuals 
engage in physical movement to achieve outcome goals. The GMCA distinguished changes in 
movement competence levels of children across three time periods. The RM-ANOVA showed 
significant effects of time for all GMCA games. It was also established that GMCA 
performance correlated with age. Some significant differences in performance existed between 
boys and girls, albeit only in some games and particular to only some age groups. Together 
with the marginal mean differences in performance scores and small effect sizes in relation to 
the significant sex differences, results indicate that movement competence of boys and girls as 
assessed by the GMCA are mostly similar for 7 – 12 years old.  
Importantly, the GMCA successfully tracked developmental changes across time. Thus, 
the results of the present study highlight the GMCA’s potential in assessing general movement 
competence via an AVG format. The present study further validates the potential of utilising 
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motion-sensing technology to provide an alternative method of monitoring and assessing 











This concluding chapter of the thesis begins with a summative overview of each of the 
three studies and its main findings. This summarised version of Chapters 3 – 5 will highlight 
the connections between each study and illustrate the progression of the research. This is then 
followed with a section encompassing a more general discussion of the limitations of the 
research programme and provides recommendations for future work. The chapter concludes 
with a final section outlining the major contributions amounting from this thesis to the current 
field.  
The overall aim of this thesis was to investigate aspects of the reliability and validity of 
the GMCA for children. Notably, this is the first known study to utilise motion-sensing video 
game technology to assess general movement competence. Thus, the successful development 
of the GMCA would provide initial evidence and support for the potential of utilising motion-
sensing technology via an AVG format for the assessment of movement competence. 
 
6.2. Main Findings  
6.2.1. Study One (Chapter 3) 
The GMCA’s development was theoretically-driven by the ecological dynamics 
perspective to provide an alternative assessment tool for use in the general cohort of children. 
Performance of dynamic movements in relation to changing constraints requires a system’s 
self-organisation of multiple movement attributes. With that in mind, a series of five AVGs 
were custom-programmed to measure combinations of movement attributes. With the GMCA 
being a new assessment tool, its factorial structure had to be determined first. Before 
conducting exploratory factor analysis, internal consistency reliability was checked for every 
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GMCA game. Results of the internal consistency reliability indicated that the GMCA games 
were indeed measuring combinations of movement attributes.  
Exploratory analysis extracted four constructs. Three of the constructs were 
distinguishable as presently accepted constructs of FMS; namely, stability, locomotion and 
object-control. Based on the outcome variables that made up the fourth construct, the construct 
was named dexterity for it consisted of outcome variables from the GMCA game, Interception, 
which required the independent use of each hand concurrently to accomplish the outcome goal. 
The identification of an additional construct to define movement competence was not expected. 
Dexterity (also referred to as bimanual/bilateral coordination in the literature) presently exists 
as specific assessment tasks to measure coordination within other validated movement 
assessment batteries such as the BOT-2 (Bruininks, 2005) and MABC-2 (Henderson et al., 
2007). However, in those assessments, outcome variables from the dexterity assessment tasks 
do not exist as an independent construct.  
The results of Chapter 3 demonstrated it was necessary to modify some games of the 
GMCA. For example, the majority of the participants did not have adequate time to complete 
the bimanual asymmetrical task of the Precision game in the GMCA. Especially in bimanual 
movement tasks, as complexity increases, the duration for completion also increases (Barral et 
al., 2006). The extra duration needed for the increased task complexity in the more difficult 
stages of the Precision game was not accounted for until it was identified as a limitation during 
the analysis of the data. The main results of study one confirmed that the internal consistency 
for each of the GMCA games was reliable for the study sample. Importantly, results suggested 





6.2.2. Study Two (Chapter 4) 
Study two was designed to validate the four-construct model as extracted in study one 
in a larger sample of children, aged 7 – 12 years old. As modifications were made to the GMCA 
after study one, the internal consistency reliability for each GMCA game was analysed again. 
The high Cronbach alpha has indicated good internal consistency for all five GMCA games. 
The factorial structure of the GMCA was validated in a larger study sample compared to the 
previous study. A larger sample was recruited to increase statistical power based upon power 
calculations.  
Confirmatory factor analysis was undertaken, and results indicated that the four-
construct model of the GMCA was an excellent fit for the study sample. Subsequently, a 
second-order confirmatory factor analysis was conducted to examine if the four-construct 
model of the GMCA loaded onto the higher-order variable of movement competence. Results 
from the second-order confirmatory factor analysis also found an excellent fit of the four-
construct model loading onto movement competence. Overall, the study results indicated that 
the four constructs of stability, locomotion, object-control and dexterity provided a holistic 
description of an individual’s movement competence.  
It is widely accepted in the literature that movement competence improves with age. In 
terms of sex variations, differences in competence levels between boys and girls were 
dependent upon the specific movement types. In order to test if the GMCA had similar results, 
a correlational analysis was conducted between GMCA performance and age. T-tests were 
carried out to determine if sex differences existed across the entire sample. Results confirmed 
that performance in the GMCA improved with age and sex differences were present on some 
game variables, albeit with small effect sizes. Specifically, results showed that girls fared better 
only in the most difficult Balance stages. On the other hand, boys did better at Control (one of 
the two GMCA games associated with the object-control construct) and were significantly 
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faster in Swiftness (associated with the locomotion construct). When seen as a whole, overall 
results did not present sufficient evidence to suggest a sex difference in movement competence 
for the age range of the study sample. Importantly, as t-tests were conducted for the sample as 
a whole, sex differences specific to the various ages could not be determined. That naturally 
landed itself as an objective for the following research study to explore. 
  
6.2.3. Study Three (Chapter 5) 
Movement assessments are used to assess movement and also used to monitor levels of 
development. With the four-construct model of movement competence validated, the next 
important aspect of validation was testing the responsiveness of the GMCA. In other words, 
how sensitive the GMCA was in detecting developmental changes had to be examined. That 
formed the primary aim of study three. A secondary aim was to investigate the potential 
interaction effects of time, sex and age to follow on from the results of the previous study.  
The GMCA was used to assess the movement competence of 253 children over three 
time periods; pre, post and follow-up. Data from study two was taken as pre-practice trial data. 
This was followed with a post-practice trial conducted five weeks after and follow-up trials 
that took place eight weeks after the post-practice trials. Between the pre and post trials, a series 
of activities that engaged the participants in varied movement activities with a focus on 
developing dexterous competence was co-planned by the lead researcher and the participating 
school’s lead specialist PE teacher. Notably, the focus on the teaching and practice of dextrous 
activities stemmed from the results of the previous study that validated dexterity as an 
independent construct of movement competence that was being measured by the GMCA.  
A one-way repeated measures ANOVA for each GMCA game was conducted and 
significant interaction effects were found. Notably, the main effects of time and age were found 
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for all games. This substantiated the results from study two and further supplemented empirical 
evidence that suggests movement competence increases with age. The main effects of sex were 
only significant for some GMCA games and specific only to certain age groups. Overall, the 
evidence indicated that movement competence for boys and girls were not significantly 
different for the age range of the study sample.  
Specific performance differences, according to age, were examined in study three. 
Interestingly, the results showed that across four of the GMCA games, the differences between 
the younger age groups (7 to 9/10 years) were marginal. However, differences in performance 
were significant in the 10 or 11 year age groups when compared to the younger age groups. 
This period of development is acknowledged in the literature as the pre-pubescent period, 
where notable growth spurts occur (Gallahue & Ozmun, 2006). The result of the significant 
age differences suggests that other than the onset of growth spurts, movement competence 
seems to consolidate at around 9 – 10 years after which a significant developmental change 
occurs in the ages after. A limitation of this study was that the GMCA game of Interception 
that measured outcome variables of the new construct, dexterity, had not met test-retest 
reliability assumptions, thus had to be omitted from the analysis.   
 In conclusion, the significant effects of time and consistent findings in relation to the 
literature with regard to age correlations indicated that the GMCA is sensitive in detecting 
developmental changes across time for the study sample. It highlights that the GMCA is 
capable of monitoring levels of movement competence in a general cohort of children. 
Furthermore, it substantiates its potential as a viable option for an alternative assessment tool 
that can be used in combination with other movement assessments to further provide an 




6.3. Limitations and Future Research 
6.3.1. Reliability and Validity, an Ongoing Pursuit  
In this PhD programme of work, movement competence of children was assessed using 
the GMCA, a newly developed movement assessment. Specifically, the GMCA’s construct 
validity and sensitivity were examined in different cohorts of children.  
In order to advance the accumulation of validity evidence for the GMCA, a necessary 
future step would be to investigate its concurrent validity. Concurrent validity is described as 
the extent to which a tool’s results relates to an alternate, previously validated measure of a 
theoretically similar construct, administered at a future point in time (Robertson et al., 2017). 
Importantly, concurrent validity is another crucial aspect of validity that contributes to the 
internal structure of a tool (Zumbo & Chan, 2014). An important finding from this programme 
of work is the identification of dexterity as an independent construct which highlights the role 
of bilateral coordination in the description of movement competence. Thus, future studies and 
investigate the concurrent validity of the GMCA against the KTK (Kiphard & Schilling, 2007) 
for it predominantly consists of assessment tasks involving bilateral coordination.  
For AVGs like those of the GMCA games, tactile feel6 of objects in manipulation tasks 
is typically absent. Instead, individuals’ movement responses are refined and adapted based on 
visual and auditory cues as provided by the AVG and display on the screen (e.g., an avatar; 
refer to Appendix C). One could say that the lack of tactile feedback increased the task demand 
since it omits an aspect of the sensorimotor process. An alternative perspective is that the 
absence of tactile feedback may have enhanced the action-capabilities of an individual, in turn, 
reduced task complexity. For instance, the use of virtual representations of individuals’ limbs 
                                                 
6 In the video gaming industry, tactile or hepatic feel to allow individuals to feel more connected to the game is 
achieved through the use of eccentric rotating mass motors with a control circuit that are embedded within game 
controllers. Many video game systems have this as a standard feature in the various game controllers (e.g., hand-
held, steering wheels, joysticks, etc.). 
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in a two-dimensional environment (e.g., the virtual hands represented in Control; refer to 
Appendix C) reduces the complexity of the perceptual-motor processes involved with juggling 
a real ball between both hands. The different perspectives regarding the lack of “feel” and using 
AVGs to assess whole-body movements may potentially give rise to concerns as to whether 
the GMCA does objectively measure movement competence. Futhermore, if used as a learning 
tool, whether movements learnt would be transferrable to the real-world (Barnett et al., 2014; 
Barnett et al., 2015a). At present, studies investigating, 1) the relationships between AVG 
performance and actual motor performance and 2) transferability of AVG skills to the real-
world, have had mostly positive results in favour of AVG performance being valid and 
transferable (Fery & Ponserre, 2001; Reynolds et al., 2014). Further investigation examining 
the crossover effects and transferability of skills will be necessary to continue establishing the 
GMCA’s validity.   
Studies have shown that due to cultural differences, performance differences exist when 
movement assessments are used in samples with different characteristics from its normative 
sample (Chow et al., 2006; Cools et al., 2009; Crawford et al., 2001; van Waelvelde et al., 
2008).  The samples used in the three research studies from this programme of work were each 
taken from the city of Dunedin, New Zealand. Study two and three utilised the same group of 
children; thus, the results are specific to that particular cohort. In addition, children with any 
physical and learning disabilities were excluded. At this point in time, it is not known if the 
GMCA can distinguish performances for a non-typically developing cohort of children. 
Further investigation of the use of the GMCA for this cohort is necessary. Potentially, 
the GMCA may need to be adapted to accommodate the individual differences and 
characteristics of children for this group. Further validation of the GMCA with other samples 
is another necessary step in developing an assessment for a general cohort across the spectrum 
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of movement competence. Due to the lack of diversity in the sample, some caution has been 
exercised in generalising the results of this programme of work. 
 
6.3.2. Perceived Action-Capabilities 
In order to move competently in one’s environment, movement adaptability is crucial 
(Davids et al., 2006b). Accurate and appropriate movement responses are informed by 
individuals’ scaling of their action-capabilities to the perceived affordances. Affordances 
change from moment to moment because the body and environment are continually in flux 
(Franchak et al., 2010). Similarly, action-capabilities are not fixed and may change (e.g., due 
to fatigue, environmental conditions, etc.).  
Individuals’ sensitivity to their action-capabilities, ability to detect affordances and an 
accurate scaling between their action-capabilities and their perception of affordances are three 
important determinants of whether a movement response is safe and appropriate (Croft et al., 
2018; Fajen et al., 2011; van Andel et al., 2017). Indeed, they are inarguably antecedents of 
movement competence. In the case of a child, the movement response as a consequence of 
these three factors may predict a safe and successful movement solution for a given task (van 
Andel et al., 2017). Importantly, an awareness of perception-action boundaries may decide if a 
child’s movement response jeopardises their safety. For example, if a child wants to cross a 
ditch, an incorrect calibration between perceived action-capabilities and affordances may result 
in the child jumping over and falling short of the other end of the ditch due to an inaccurate 
perception of their action-capability. Thus, accurate affordance detection and calibration of 
action-capabilities to the available affordances play crucial roles in describing the movement 
competence of individuals.  
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Individuals who have better movement competence are more sensitive to their action-
capabilities and often perform at the limits of their action-capabilities (Croft et al., 2018; Seifert 
et al., 2013). Thus, understanding how individuals accurately perceive their action-capabilities 
and associating it to the individual’s actual movement response7 remains an important issue to 
explore. Is the coupling of perceived action-capabilities and movement response influenced by 
age? If so, at what age does the coupling stabilise? Understanding the strengths of these 
relationships will have practical implications on physical education, policies governing play 
and play-design structures such as playgrounds.  
At present, it may seem that the ability of individuals to accurately judge their action-
capabilities would hypothetically be age-related for as a person ages, the increasing time spent 
in movement exploration has a compounding effect on their cumulative movement 
experiences. Consequently, this would lead to individuals being more aware and sensitive to 
the limits of their action-capabilities (Franchak et al., 2010). In other words, the accumulated 
movement experiences and time spent in exploration of how and what the body can do in 
finding movement solutions would result in an individual being better attuned to their action-
capabilities. Future studies should investigate the accuracy of individuals’ perceptual-motor 





                                                 
7 Accurate judgement of action-capabilities were initially investigated in study one. Children judged their 
maximum step distance (The assessor physically dragged a marker away, increasing distance until the maximum 
step distance was called by the child). The child then performed an actual step. The difference between actual step 
distance and the perceived max step distance was compared. However, the process could not be automated and 
was excluded from later versions of the GMCA. 
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6.4. Major Contributions 
6.4.1. Technology in Assessment, a “Game Changer” 
To my knowledge, this is the first published research to utilise the Microsoft Kinect as 
a tool to aid assessment of general movement competence in children. The GMCA’s factor 
structure was examined and validated for children aged 7 – 12 years old. In relation to age 
correlations and sex variations, the study findings are consistent with current empirical 
evidence that indicates that movement competence increases with age and are similar for both 
boys and girls. Overall, the results highlight that the GMCA has considerable potential in 
assessing general movement competence. Automating the assessment process was one of the 
objectives during the development of the GMCA. The AVG platform of the GMCA automates 
the assessment process and can potentially address issues such as inter-rater reliability and 
strains on resources in terms of equipment and the need for specially-trained assessors. These 
factors make the GMCA favourable for use in general settings such as in schools where 
concerns have been raised regarding the lack of expertise in assessing movement (Morgan & 
Hansen, 2007).  
The programmability of the GMCA has promise as a potential learning tool that would 
provide an alternative learning environment for children. This potential is further encouraged 
with the use of AVGs being positive for clinical populations of children under-going 
rehabilitation. Specifically, AVG use has positive impact individuals’ self-perceptions of 
movement competence levels which for clinical populations are indicators of physical activity 
adherence (Edwards et al., 2017; Page et al., 2017; Ravi, Kumar, & Singhi, 2017). The GMCA 
presents engagement in dynamic tasks that allow individuals to demonstrate their ability to find 
movement solutions and adapt them according to constraints (Davids et al., 2008; Seifert et al., 
2013). Its potential as a learning tool can provide the opportunity for individuals to develop 




6.4.2. Unravelling the Complexities of Movement Competence  
Assessing movement competent is complex and made further complicated with a lack 
of a universal definition. In the 1970s, movement competence was postulated as only consisting 
of only two constructs (locomotion and object-control) (McClenaghan & Gallahue, 1978; 
Wickstorm, 1970). At present, the model of movement competence has been widely accepted 
as consisting instead, of three constructs with the inclusion of stability as a critical construct of 
movement. (Burton & Miller, 1998; Gallahue & Ozmun, 2006; Rudd et al., 2015). 
One of the main findings of this thesis was the extraction and validation of dexterity as 
a possible new construct of movement competence. Thus, this thesis has contributed new 
knowledge to the current understanding of the model of movement competence. Interestingly, 
in recent years, calls have been made to include more constructs to the current model to allow 
a better description of movement competence (Rudd et al., 2016; Žuvela et al., 2011). Dexterity 
is the new validated construct for the study samples of this research programme. Although its 
importance has been highlighted in the motor control literature (Barral et al., 2006), specific to 
the field of motor development, it has never been identified as an independent construct in the 
definition of movement competence.  
This thesis that is grounded in the theory of ecological dynamics, proposed a 
theoretically-driven definition of movement competence and its existence as a spectrum. 
Results from study one (see Chapter 3) found an interdependence between the various 
constructs which implied that a holistic approach towards the development of movement skills 
is necessary. Engagement in varied movement experiences that allow individuals to explore 
possibilities of combining and adapting different types of movement will allow refinement. 
182 
 
This would allow an attuned accuracy of their perceptual-motor calibration and positively 
impact their competence.  
This thesis supplements evidence to suggest that movement competence is indeed 
multi-dimensional in nature. This was highlighted in study two (see Chapter 4), with dexterity 
validated as an independent construct and with all four identified constructs of the GMCA 
correlating with each other. Notably, this is a significant contribution to the current 
understanding of the model of movement competence especially since bimanual coordination 
seem to underpin many forms of human movement (Bril et al., 2010) and that there is no 
evidence for undivided motor capacity (Clark & Metcalfe, 2002; Davids et al., 2000; Žuvela et 
al., 2011).  
Study three substantiated the presence of some sex variations in GMCA games. 
Between 7 – 12 years of age, boys and girls are more similar than they are different both 
developmentally and physically. However, the presence of sex differences lends an argument 
to the perspective that sex differences are mostly attributed to environmental influences during 
the development years. Importantly, a critical period before any significant change in 
movement competence is around 9 – 10 years of age, after which a stable state of movement 
competence ensues after (see Chapter 5).  
Results also indicate that the variability in movement competence in the early years are 
large but decreases with increasing age. This is due to the accumulation of movement 
experiences amounting to the increased levels of movement competence as a child aged. 
Crucially, it highlights the importance of providing opportunities for children during their early 
years to engage in diverse movement experiences to leverage their innate desire for learning 




6.4.3. Practical Implications 
The GMCA is not without its limitations and does not represent a perfect solution to 
some of the limitations of current movement assessments. It is perhaps advisable at this stage 
for combinations of movement assessments to be used to provide a holistic description of the 
complex nature of movement. With the on-going pursuit of valid and reliable instruments for 
assessing movement competence, it is without a doubt that new movement assessments will 
continue to be developed. Therefore, the practical implications from this programme of 
research are specifically targeted at two groups of people who play crucial roles in determining 
whether a child moves “competently”. They are 1) developers of future movement assessments 
and 2) the significant others that are influential on the movement development of children.  
 
6.4.3.1. To Developers of Future Movement Assessments 
Developers of movement assessments are a critical group to address, for a child’s 
movement competence is dependent upon the constructs and design of their assessments. 
Notably, interpretations of the results of their assessments would have lasting implications for 
the various stakeholders (i.e., children, parents, teachers, etc.). 
The key findings of this PhD programme suggest that developers of movement assessments 
should: 
 Design theoretically-driven movement assessments. The ecological dynamics theory 
provides a suitable framework to adopt. 
 Move away from assuming one correct movement pattern exists for all individuals in 
any skill and that individual variability and creativity are important elements of 
movement competence.  
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 Acknowledge the influential role that affordances play in the perceptual-motor 
responses. As such, assessments should consider the ability of individuals to combine, 
refine and adapt movement responses that are efficient and functional for the 
contextualised environment of the assessment task. This is achieved by having: 
o dynamic assessment tasks that allow individuals to demonstrate their movement 
adaptability. 
o tasks designed to be more representative of children’s play environment.  
 Include sport-neutral tasks and employ generic movements that do not predispose 
performance bias towards sex or culture in assessment design.  
 
6.4.3.2. Notes to Parents, Teachers and Significant Others 
Confidence and competence in the movement of children are dependent upon the 
opportunities provided and accorded to them to explore and experience varied movement types 
and forms. Notably, at a young age, it is the parents, teachers and significant others who are 
gatekeepers of these opportunities.  
This PhD thesis has practical implications for developing movement competence in 
children. Key points for parents, teachers and significant others follow: 
 Children must be allowed and provided the opportunities and time to explore all types 
and forms of movement (in both unstructured and structured movement activities).  
 The variability of movement competence is large in the early years but narrows as 
movement skills consolidate as children age. 
 Presence of sex differences in certain movements are not biological but a consequence 
of environmental factors such as socialisation. Significant others must not predispose 
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boys or girls to possible bias in the variety and opportunity of selected movement 
activities.  
 Immersion in a wide variety of movement experiences across all movement domains 
encourages movement adaptability. Movement adaptability is a crucial element of 
movement competence and cannot be demonstrated in static, closed assessment tasks. 
 The classification of movement types under the FMS constructs may provide some 
structure for development and assessment but is not without limitations. There are other 
various aspects of motor development that FMS does not adequately capture (e.g., 
bilateral coordination). 
 Movement is unique to individuals. Children may move differently, and that is a 
reflection of their individual differences. There are no “ideal” forms of movement and 
it is more important that they move.  
 
6.5. Conclusion 
In this thesis, movement competence is defined as the capacity of an individual to adapt 
movements based upon affordances and produce functional movement solutions that are 
effective and efficient based upon their action-capabilities and the constraints of the given task 
and environment. At present, there is still arguably no gold standard in the assessment of 
movement competence of children. Therefore, this PhD thesis aimed to address some concerns 
associated with current methods of assessing movement competence in general cohorts.  
A new assessment, the GMCA, underpinned by the ecological dynamics theory, was 
developed. The primary objective of the GMCA was to ascertain general movement 
competence across a broad spectrum. The GMCA incorporates activities that require multiple 
nested movements from across movement constructs to be combined and adapted based upon 
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the various task constraints and what is afforded by the environment.  Importantly, in 
describing general movement competence from an ecological dynamics perspective, individual 
differences and functional variability in movement responses are embraced rather than 
marginalised.  
This programme of work specifically investigated aspects of the GMCA’s reliability 
and validity progressively over three empirical studies. Results indicated that the GMCA 
measures movement competence via a four-construct model with dexterity existing as an 
independent construct. Notably, dexterity has never been identified as an independent construct 
of movement before. This research programme further substantiates that movement 
competence indeed improves with age. With intentionally designing generic movement tasks, 
it was found that the movement competence of boys and girls for the study samples were mostly 
similar and not significantly different. Boys and girls differed only marginally in some 
movement types, and these variations were specific to particular age groups.  
This empirical work proposes directions for future studies to continue exploring the 
multi-dimensional nature of movement, its interdependence between the various constructs and 
its implications on development. Furthermore, practical implications and recommendations for 
parents and teachers, who undoubtedly play critical roles in developing the movement 
competence of children, are provided. It is hoped that the present work provides a suitable 
reference for the design and development of future movement assessments. The ecological 
dynamics theory and its key concepts such as affordances and the crucial role it plays in the 
perceptual-motor calibration of individuals should be duly considered and represented in future 
movement assessment tasks. Only then can the description of individuals’ general movement 




In conclusion, the GMCA’s utilisation of low-cost motion-sensing technology may 
serve to reduce the reliance on subjective assessments of movement form by trained observers 
in the future. Harnessing technology to further our understanding of movement and its 
development, monitoring and assessment may evidently, be a natural way forward. I look 
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Appendix A – Participant Information Sheet 















Birth date (dd/mm/yyyy):  
 
Height (cm):  
 
Weight (kg):  
 
Ethnicity: 
□ NZ European □ Māori □ Samoan 
□ Cook Island Maori □ Tongan □ Niuean □ Chinese □ Indian 
□ Others such as Dutch, Japanese, Tokelauan (Please state): ________________________________________ 
Name of School: 
 




Any diagnosed developmental/learning disorders (if applicable): 
Specific Disorder: __________________________________________ 
Date of Diagnosis (dd/mm/yyyy): ___________________________________ 
Preferred (Dominant) Hand: 
□ Right □ Left □ Not Established 
Preferred (Dominant) Foot: 
□ Right □ Left □ Not Established 
 
Section B – Parent/Guardian Particulars 
Parent/Guardian Name: 
Contact Number: (Home)                                                                            (Handphone)  















Appendix B – Modifications to GMCA 
GMCA Version 2: Detailed descriptions of changes made from GMCA version 1 (based upon 
results of study 1) 
 
Balance  
Exploratory factor analysis extracted Balance with two legs under the same construct 
as Precision variables. Thus indicating that Balance two legs, which only requires participants 
to place their hands (without legs) into specified spots, were closely associated with the 
Precision tasks. The Balance two-leg stages were subsequently omitted from version 2 of the 
GMCA.  
Balance one leg in version 1 went from a one-leg balance (without hands) to a one-leg 
balance with two hands (placed into spots) in the next stage. Thus an additional stage (one leg 
balance with one hand) was added in version 2 to make the increase in task complexity more 
progressive. 
The maximum allocated time for all Balance stages in version 1 was the same (20 secs). 
Results show that the number of completed poses decreased as task complexity increased. 
Anecdotal evidence also noted that participants needed more time to position legs and hands 
into the spots that appeared on the screen. Thus, allocated times for the various stages were 
modified to accommodate this. In version 2, max time allocated for Stage 1 was 30 seconds; 







In Study one, data for the Unimanual stages suggests that it was too easy as many 
participants were successful in completing all levels. It was not possible to differentiate 
between competence levels as the time taken for the various stages were not recorded. Thus, in 
version 2, unimanual stages were redesigned to increase difficulty. Time taken for completion 
of each stage was also programmed to be recorded. 
 The advanced levels of the Precision game were rarely completed successfully. 
Recorded times increased with increased task complexity. Many particpants completed 
symmetrical maps, but it was difficult to differentiate competence with only two maps. For 
asymmetrical maps, there was a high number of participants who were unable to complete the 
maps successfully. Thus, version 2 increased the number of maps for symmetrical and 
asymmetrical precision tasks. Specified “tracing routes” for asymmetrical maps were also 




Anecdotal observation noted that the juggling proficiency of participants did not change 
with or without the appearance of the balloon. Thus, in version 2, the appearance of the balloon 
was immediately seen upon the start of the game. The game duration was also increased to 50 
seconds with the intention of allowing better differentiation in juggling (or object-control) 





No major issues were noted for Swiftness. Swiftness requires the participant to start 
from the centre of the play area. In version 1, participants did not have visual information 
regarding the centre of the play area displayed on the screen. They started in a physically 
marked out “X” in the centre of the play area. In version 2, the centre region (calculated from 
the calibration data of the play area size) was programmed to be displayed on the screen. The 
participant would position themselves in this centre square during the “countdown” phase of 
the start of Swiftness.  
The maximum allocated time was also increased to 90 seconds to accommodate the 
extended sampling age for Study 2 and 3 as it included younger children (7 years compared to 
8 years in Study 1). 
 
Interception 
Internal reliability checks from Study 1 revealed that Cronbach alpha increased when 
the variable, “total number of asteroids hit” was removed (α-value from 0.12 to 0.85) thus 
indicating that that particular variable had little associated with the measured construct 
Interception. Thus, the stage where participants were only given asteroids to destroy (version 
1; stage 1) was removed. In version 2, Interception starts with the participants needing to rescue 
spaceships immediately. 
 
Changes made to order of GMCA Games and Stages 
Participants commented on arm fatigue due to all stages of Precision being presented 
together. If the maximum allocated time was used, participants would spend up to 6 minutes 
with their arms held up (since Precision required them to lead a car through a designated path). 
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Thus, Precision was broken into its various stages in version 2 and sequenced at the start, 




Table: Order and maximum duration of GMCA for versions 1 and 2. 
 GMCA version 1 (Study 1) Maximum 
allocated duration 
(seconds) 
GMCA version 2 (Study 2 & 3) Maximum 
allocated 
duration 
Order of GMCA Games 1. Balance two legs and one hand 20 1. Precision Unimanual (6 maps) 360 (60s per 
map) 
2. Balance two legs and two hands 20 2. Balance one leg  30 
3. Balance one leg only 20 3. Balance one leg and one hand 40 
4. Balance one leg and two hands  20 4. Balance one leg and two hands 50 
5. Precision Unimanual (6 maps) 360 (60s per map) 5. Precision Symmetrical (8 maps) 480 (60s per 
map) 
6. Precision Symmetrical (2 maps) 120 (60s per map) 6. Control juggling with balloons 50 
7. Precision Asymmetrical (2 maps) 120 (60s per map) 7. Swiftness Stage 1 (forward, 
backwards and lateral directions) 
90 
8. Control juggling only  15 
9. Control juggling with balloons 45 8. Swiftness Stage 2 (inclusion of 
diagonal directions on top of Stage 1 
directions) 
90 
10. Swiftness Stage 1 (forward, 
backwards and lateral directions) 
60 
9. Precision Asymmetrical (6 maps) 360 (60s per 
map) 11. Swiftness Stage 2 (inclusion of 
diagonal directions on top of Stage 
1 directions) 
60 
10. Interception – saving spaceships and 
destroying asteroids  
 
60s 
12. Interception – destroying asteroids 
only 
30 
13. Interception – saving spaceships 
and destroying asteroids  
30 
Maximum duration of 
GMCA (excluding 
familiarisation) 





Appendix C – Screenshots of the GMCA 
Pretest Phase 
Start page of GMCA requiring participant name 
 






Precision-Unimanual (all passing across the midline of the body) 
 
Right hand – Starting from top left, moving diagonally downwards to the bottom right 
 
 





Right hand – Starting from the bottom left, moving diagonally upwards to the top right 
 
 







Right hand – Starting from bottom right, moving towards the left in an inverted-U 
 
 








Stage 1 – One leg balance 
 
 






Stage 3 – One leg balance with two hands 
 
 
Precision-Bimanual Symmetrical (in-phase movement) 






Starting from the top, moving both hands down, diagonally outwards 
 
 







Starting from the top, moving both hands towards the midline of the body then downwards 
 
 







Starting from the bottom, moving both hands up, diagonally towards the midline of the body 
 
 


















Starting from the centre, stage 1 consists of forward, backwards and lateral directions. Stage 
2 includes diagonal directional changes  
 
Precision-Bimanual Asymmetrical (anti-phase movement) 





From the top, Left hand towards the midline and outwards; Right hand vertically downwards  
 
 










From diagonally opposite ends, Left hand vertically downwards; Right hand towards the 





From diagonally opposite ends, Left hand towards the midline and outwards; Right hand 
vertically downwards  
 
 
From diagonally opposite ends, Left hand towards the midline and outwards; Right hand 





From diagonally opposite ends, Left hand towards midline then downwards; Right hand 















Appendix D – QQ Plots of GMCA Variables  (Study 2) 
GMCA Variable  QQ plot without transformation QQ plot of transformed variable 
Balance Stage 1 
 
Distribution accepted; no transformation 
applied to this variable. 
Balance Stage 2 
 
Distribution accepted; no transformation 
applied to this variable. 
Balance Stage 3 
 




Precision Stage 1 
 
 Log10 transformation applied 
Precision Stage 2 
 
 Inverse transformation applied 
Precision Stage 3 
 







Distribution accepted; no transformation 




Distribution accepted; no transformation 
applied to this variable. 
Swiftness Stage 1 
 
Inverse transformation applied 
Swiftness Stage 2 
 

























Appendix E – Descriptive Statistics for Transformed Variables (Study 2) 
 
 GMCA Variables Minimum Maximum M ± SD Skewness Kurtosis 
Balance Stage 1 0.00 6.00 3.37 ± 1.60 -0.45 -0.56 
Balance Stage 2 0.00 6.00 1.53 ± 1.43 0.68 -0.37 
Balance Stage 3_log10* 0.00 0.85 0.20 ± 0.23 0.68 -0.67 
Precision Stage 1_log10* -0.18 0.78 0.39 ± 0.19 -0.07 -0.48 
Precision Stage 2_Inverse* 0.13 1.34 0.46 ± 0.23 0.68 0.37 
Precision Stage 3_Inverse* 0.13 1.19 0.42 ± 0.20 0.64 0.34 
Control Balls Used 2.00 11.00 8.47 ± 2.66 -0.71 -0.70 
Control Balloons Popped 0.00 16.00 4.24 ± 3.06 1.00 1.07 
Swiftness Stage 1_Inverse* 0.03 0.12 0.08 ± 0.01 -0.40 0.49 
Swiftness Stage 2_Inverse* 0.02 0.08 0.05 ± 0.01 -0.45 0.02 
Spaceship Lost_Inverse* 0.08 1.00 0.57 ± 0.34 0.26 -1.55 
Spaceship Saved_log10_ref* 0.00 1.15 0.45 ± 0.29 0.18 -0.54 
















Appendix F – “Let’s Move” Programme Activities 
Static Passing and Receiving – Lower Primary 
Cooperative passing: Trains accuracy in passing and receiving 
 Students stand facing each other (Distance apart depending on ability) 
 Pass the ball towards partners chest height 
 Extension:  
o Lengthen distance apart 
o Use bounce pass 
o Use overhead pass 
 
Lateral receiving: Trains adaptability to receive balls (of varying types) 
 Students stand facing each other (Distance apart depending on ability) 
 Throwing student yells “left” or “right” and throws to the designated direction of 
teammate 
 Teammate reacts accordingly to receive the ball 
 Extension: 
o Throwing partner does not inform the direction of the throw 
o Receiving partner has to react to catch accordingly 
 
Pass it on: Trains Final Catch in receiving a ball with “flight-time” 
 Students in groups of 3s 
 Standing in a straight line: Thrower, middle person, final catcher 
 1st thrower pass to middle person (any throw) 
 The middle person receives the ball and tosses it in the air back to the Final catcher 
 Final catcher positions themselves accordingly to receive the throw 
 
Push it over: Training accuracy in throwing 
 Several basketballs or footballs lined up side by side in a long straight line 
 Students stand on either side of the lined balls with beanbags (or smaller ball; e.g., 
tennis balls) – students should preferably have more than one beanbag  
 Upon “go”, students throw beanbag towards the ball, trying to move the basketball 
towards the other team  
 The team who manages to move most of the lined basketballs towards the team on the 





Dynamic Passing and Receiving – Upper Primary 
Interception: allows Catcher to learn about moving in relation to the speed of the Feeder’s 
roll 
 Students paired up and start beside each other 
 Feeder rolls the ball and Catcher runs to scoop (with hands)/trap (with feet)/stop (hands 
or feet) the ball –  
 Catcher rolls/ throws back the ball to Feeder 
 Feeder moves with teacher designated locomotion (e.g., run, skip, hop, slide) to the 
position of Catcher  
 Exchange rolls 
 
Pass and move: Dynamic pass and moving to another position 
 Students in 3s (triangle formation) or in 4s (square formation) 
 Student with ball throws/rolls to either of the 3 teammates 
 Runs to occupy the teammate's position, the teammate that receives the ball 
immediately passes to another upon receiving the ball 
 
Passing forward: Teaching students that a ball should always be passed to the front of 
advancing teammates (attacking concept for invasion games) 
 Playing the length of the court/field 
 Students in pairs keep the ball “moving” forward 
 Student with the ball can’t move until the ball is released 
 Extension: 
o Teacher can instruct for students to be facing each other 
o Students have to slide (locomotion) should this be the task constraint 
 
Call to catch: Train to respond and catch on the move 
 Students in 4s 
 All students stand in the corner of a square formation (distance apart depending on 
space and ability) 
 With each student at a corner, one student has a ball (Thrower) 
 Thrower calls the name of a teammate (any of the other 3 students) and throws the ball 




 “Called” student runs to the middle of the square and receives the ball, immediately 
upon catching the ball; roll/throw the ball to another student and run back to start 




 Students in pairs stand facing each other 
 One leader and one follower 
 Leader moves in any direction and follower follows, keeping face-to-face with the 
leader 
 Swap roles after 2 minutes 
 
Lateral Movements 
 Students move sideways either to the left or right depending on teacher instructions 
 Students focus on using the side shuffle 
 Moving sideways without turning the body to face the direction of move 
 
Hand-shank planks 
 Students in pairs, positioned in a “push-up” position 
 Upon teachers instruction, students shake the opposite hand of the partner 




 Students stand in line beside each other 
 Upon teachers instruction, start moving forwards 
 When the teacher blows the whistle, students “back-peddle” 5 metres  
 Students have to keep in line with each other 
 Repeat 












Appendix G – Supplementary Tables and Figures (Study 3) 
 
Descriptive statistics for GMCA games (full sample; n = 253). 
  Min Max M ± SD Skewness Kurtosis 
Balance      
Pre 0.00 17.00 5.75 ± 3.45 0.38 -0.30 
Post  0.00 17.00 6.31 ± 3.43 0.44 -0.23 
Follow-up 0.00 17.00 6.58 ± 3.59 0.50 -0.18 
Precision (min)      
Pre 2.43 21.22 8.73 ± 4.35 1.06 0.39 
Post  2.29 22.00 6.65 ± 3.35 1.83 4.22 
Follow-up 2.96 24.00 7.74 ± 3.85 1.87 4.10 
Control      
Pre 2.00 11.00 8.49 ± 2.65 -0.72 -0.67 
Post  1.00 11.00 8.04 ± 2.62 -0.43 -0.91 
Follow-up 1.00 11.00 7.83 ± 2.72 -0.40 -0.95 
Swiftness (secs)      
Pre 21.52 74.72 31.74 ± 6.64 2.09 7.77 
Post  20.90 57.75 30.27 ± 5.32 1.68 4.44 
Follow-up 20.68 60.66 29.55 ± 5.03 2.12 7.78 













QQ plot of GMCA games  































QQ plot of Precision and Swiftness after Transformation  
Pre Post Follow-up 















Swiftness – Inverse transformed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
